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ABSTRACT 
Diarrhoea is one of the leading causes of morbidity and mortality in 
populations in developing countries and is a significant health issue 
throughout the world. Despite the frequency and the severity of the 
diarrhoeal disease, mechanisms of pathogenesis for many of the causative 
agents have been poorly characterised. Although implicated in a number of 
intestinal and extra-intestinal infections in humans, Plesiomonas shigelloides 
generally has been dismissed as an enteropathogen due to the lack of clearly 
demonstrated virulence-associated properties such as production of 
cytotoxins and enterotoxins or invasive abilities. However, evidence from a 
number of sources has indicated that this species may be the cause of a 
number of clinical infections. The work described in this thesis seeks to 
resolve this discrepancy by investigating the pathogenic potential of 
P. shigelloides using in vitro cell models. The focus of this research centres 
on how this organism interacts with human host cells in an experimental 
model. 
Very little is known about the pathogenic potential of P. shigel/oides and its 
mechanisms in human infections and disease. However, disease 
manifestations mimic those of other related microorganisms. Chapter 2 
reviews microbial pathogenesis in general, with an emphasis on 
understanding the mechanisms resulting from infection with bacterial 
pathogens and the alterations in host cell biology. In addition, this review 
analyses the pathogenic status of a poorly-defined enteropathogen, 
P. shigelloides. 
Key stages of pathogenicity must occur in order for a bacterial pathogen to 
cause disease. Such stages include bacterial adherence to host tissue, 
bacterial entry into host tissues (usually required), multiplication within host 
tissues, evasion of host defence mechanisms and the causation of damage. 
In this study, these key strategies in infection and disease were sought to 
help assess the pathogenic potential of P. shigelloides (Chapter 3). Twelve 
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isolates of P. shigelloides, obtained from clinical cases of gastroenteritis, 
were used to infect monolayers of human intestinal epithelial cells in vitro. 
Ultrastructural analysis demonstrated that P. shigelloides was able to adhere 
to the microvilli at the apical surface of the epithelial cells and also to the 
plasma membranes of both apical and basal surfaces. Furthermore, it was 
demonstrated that these isolates were able to enter intestinal epithelial cells. 
Internalised bacteria often were confined within vacuoles surrounded by 
single or multiple membranes. Observation of bacteria within membrane-
bound vacuoles suggests that uptake of P. shigelloides into intestinal 
epithelial cells occurs via a process morphologically comparable to 
phagocytosis. Bacterial cells also were observed free in the host cell 
cytoplasm, indicating that P. shige/loides is able to escape from the 
surrounding vacuolar membrane and exist within the cytosol of the host. 
Plesiomonas shigelloides has not only been implicated in gastrointestinal 
infections, but also in a range of non-intestinal infections such as 
cholecystitis, proctitis, septicaemia and meningitis. The mechanisms by 
which P. shigelloides causes these infections are not understood. Previous 
research was unable to ascertain the pathogenic potential of P. shigel/oides 
using cells of non-intestinal origin (HEp-2 cells derived from a human larynx 
carcinoma and Hela cells derived from a cervical carcinoma). However, with 
the recent findings (from this study) that P. shigelloides can adhere to and 
enter intestinal cells, it was hypothesised, that P. shigel/oides would be able 
to enter Hela and HEp-2 cells. Six clinical isolates of P. shigelloides, which 
previously have been shown to be invasive to intestinally derived Caco-2 
cells (Chapter 3) were used to study interactions with Hela and HEp-2 cells 
(Chapter 4). These isolates were shown to adhere to and enter both non-
intestinal host cell lines. Plesiomonas shigelloides were observed within 
vacuoles surrounded by single and multiple membranes, as well as free in 
the host cell cytosol, similar to infection by P. shigelloides of Caco-2 cells. 
Comparisons of the number of bacteria adhered to and present intracellularly 
within Hela, HEp-2 and Caco-2 cells revealed a preference of P. shigelloides 
for Caco-2 cells. This study conclusively showed for the first time that 
P. shigelloides is able to enter HEp-2 and Hela cells, demonstrating the 
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potential ability to cause an infection and/or disease of extra-intestinal sites in 
humans. 
Further high resolution ultrastructural analysis of the mechanisms involved in 
P. shigelloides adherence to intestinal epithelial cells (Chapter 5) revealed 
numerous prominent surface features which appeared to be involved in the 
binding of P. shige/loides to host cells. These surface structures varied in 
morphology from small bumps across the bacterial cell surface to much 
longer filaments. Evidence that flagella might play a role in bacterial 
adherence also was found. The hypothesis that filamentous appendages are 
morphologically expressed when in contact with host cells also was tested. 
Observations of bacteria free in the host cell cytosol suggests that 
P. shigelloides is able to lyse free from the initial vacuolar compartment. The 
vacuoles containing P. shigel/oides within host cells have not been 
characterised and the point at which P. shigelloides escapes from the 
surrounding vacuolar compartment has not been determined. A cytochemical 
detection assay for acid phosphatase, an enzymatic marker for lysosomes, 
was used to analyse the co-localisation of bacteria-containing vacuoles and 
acid phosphatase activity (Chapter 6). Acid phosphatase activity was not 
detected in these bacteria-containing vacuoles. However, the surface of 
many intracellular and extracellular bacteria demonstrated high levels of acid 
phosphatase activity, leading to the proposal of a new virulence factor for 
P. shigelloides. 
For many pathogens, the efficiency with which they adhere to and enter host 
cells is dependant upon the bacterial phase of growth. Such dependency 
reflects the timing of expression of particular virulence factors important for 
bacterial pathogenesis. In previous studies (Chapter 3 to Chapter 6), an 
overnight culture of P. shigelloides was used to investigate a number of 
interactions, however, it was unknown whether this allowed expression of 
bacterial factors to permit efficient P. shigelloides attachment and entry into 
human cells. In this study (Chapter 7), a number of clinical and 
environmental P. shigelloides isolates were investigated to determine 
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whether adherence and entry into host cells in vitro was more efficient during 
exponential-phase or stationary-phase bacterial growth. An increase in the 
number of adherent and intracellular bacteria was demonstrated when 
bacteria were inoculated into host cell cultures in exponential phase cultures. 
This was demonstrated clearly for 3 out of 4 isolates examined. In addition, 
an increase in the morphological expression of filamentous appendages, a 
suggested virulence factor for P. shigel/oides, was observed for bacteria in 
exponential growth phase. These observations suggest that virulence 
determinants for P. shigel/oides may be more efficiently expressed when 
bacteria are in exponential growth phase. This study demonstrated also, for 
the first time, that environmental water isolates of P. shigelloides were able to 
adhere to and enter human intestinal cells in vitro. These isolates were seen 
to enter Caco-2 host cells through a process comparable to the clinical 
isolates examined. These findings support the hypothesis of a water 
transmission route for P. shigelloides infections. 
The results presented in this thesis contribute significantly to our 
understanding of the pathogenic mechanisms involved in P. shigelloides 
infections and disease. Several of the factors involved in P. shigelloides 
pathogenesis have homologues in other pathogens of the human intestine, 
namely Vibrio, Aeromonas, Salmonella, Shigella species and diarrhoea-
associated strains of Escherichia coli. This study emphasises the relevance 
of research into Plesiomonas as a means of furthering our understanding of 
bacterial virulence in general. As well it provides tantalising clues on normal 
and pathogenic host cell mechanisms. 
Keywords: Plesiomonas shigelloides, electron microscopy, intracellular 
pathogen, bacterial uptake, cellular microbiology, acid phosphatase, fimbriae. 
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2 Chapter 1 Introduction 
1.1. A Description of the Scientific Problem Investigated 
Diarrhoea is one of the leading causes of morbidity and mortality in 
populations in developing countries, and is a substantial health issue 
throughout the world. Despite the frequency and the severity of the disease, 
mechanisms of pathogenesis for many of the causative agents are poorly 
understood. Indeed, new and emerging causative agents continue to be 
identified. 
Plesiomonas shigelloides, a member of the family Enterobacteriaceae, has 
been implicated as an etiological agent of diarrhoea. There is sufficient 
evidence from clinical observations to indicate that this species is responsible 
for gastrointestinal infections. However, P. shigelloides generally has been 
dismissed as an enteropathogen due to the lack of clearly demonstrated 
virulence-associated properties such as enterotoxins, cytotoxins and invasive 
abilities in vitro. Inadequacies in experimental design, deficiencies in clinical 
diagnosis and lack of appropriate animal models have hindered the 
establishment of its role in enteric disease. The lack of definitive data and 
the controversy associated with this bacterial species calls for a fundamental 
study to examine its potential for interacting with human intestinal cells. 
1.2. Overall objectives of the study 
The primary objective of this work was to provide an ultrastructural 
description of the events that occur during interaction between Plesiomonas 
shigel/oides and human intestinal cells in vitro. More specifically, this study 
aimed to provide information on the ability P. shigelloides isolates (obtained 
from clinical and environmental sources) to interact with cells of human 
enteric origin, and to define the mechanisms demonstrated by these isolates. 
Studies presented in this thesis sought classic enteropathogenic virulence-
associated properties for P. shigelloides when in association with human 
epithelial cells in vitro, to assist in the evaluation of the role P. shigelloides 
may play in human disease. Differences were sought in types of interactions 
among the P. shigelloides isolates examined, and these differences could be 
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correlated with different disease presentations documented with 
P. shigelloides infections in vivo. 
1.3. Specific aims of the study 
This study addressed four major aims. 
Aim 1. To optimize an in vitro model for P. shigelloides entry into human 
intestinal (Caco-2) cells, based on the model system previously developed in 
preliminary studies conducted in this laboratory. 
Aim 2. To determine whether clinical isolates of P. shigel/oides were 
capable of interacting (via adherence and internalization) with human (HEp-2 
and HeLa) cells derived from extra-intestinal sites, providing evidence to 
support a role for P. shigelloides in extra-intestinal infections. 
Aim 3. To provide detailed information on morphological/ultrastructural 
changes to human intestinal cells, in vitro, during adherence and 
internalization of clinical isolates of P. shigelloides. Within this aim, the 
following were sought specifically. 
I. Identification of mechanisms involved in the initial interaction between 
clinical isolates of P. shigelloides and human intestinal (Caco-2) cells in 
vitro. 
II. Determination of the intracellular fate of P. shigel/oides. 
Aim 4. To investigate the effect of a number of factors on the ability of 
P. shigelloides to interact with human intestinal cells in vitro. Specifically, the 
following were sought. 
I. Establishment of a standard growth curve for the type strain of 
P. shigelloides. 
II. Determination of the effect of different growth phases on the ability of 
isolates of P. shigelloides to interact with Caco-2 cells. 
4 Chapter 1 Introduction 
Ill. Assessments of P. shigel/oides isolate morphology and correlations of 
differences among isolates with respect to the ability to adhere and 
enter Caco-2 cells in vitro. 
IV. Assessment of the ability of environmental water isolates of 
P. shigel/oides to interact with human intestinally derived cells in vitro. 
1.4. An account of scientific progress linking the scientific papers 
The first publication [Chapter 2] reviews a range of pathogenicity strategies 
that have been described in recent literature for a number of well-established 
enteropathogens. 
The first scientific paper [Chapter 3] describes the use of an experimental 
model, utilising differentiated epithelium derived intestinal cells, to assess the 
pathogenic potential of Plesiomonas shigelloides in vitro. This study 
provided evidence that P. shigel/oides was able to adhere to and enter 
intestinal host cells in vitro; key virulence factors shown to be important for 
the development of an infection and or disease. 
Plesiomonas shigelloides not only has been implicated in cases of 
gastroenteritis, but also a range of extra-intestinal infections. With recent 
findings that P. shigel/oides can adhere to and enter intestinal cells, it was 
proposed in the second scientific paper [Chapter 4] that P. shigelloides would 
be able to enter cells derived from non-intestinal origins (Hela and HEp-2 
cells). This study provided evidence that P. shigelloides can adhere to and 
enter these cell lines, demonstrating a potential ability to cause an infection 
and/or disease in an extra-intestinal site in humans. 
The third paper [Chapter 5] extends our knowledge of the events that occur 
in the initial steps of the infection process. It was established that 
P. shigel/oides could adhere to intestinal epithelial cells, so the mechanisms 
involved in the initial stages of P. shigelloides infection were subsequently 
investigated. This study provided ultrastructural evidence for the use of 
filamentous appendages in the adherence of P. shigel/oides to intestinal 
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epithelial cells in vitro. For the first time, fimbriae and flagella were described 
as potential virulence factors for P. shigel/oides. 
Analysis of the vacuolar co-localisation of bacteria and acid phosphatase 
activity was performed in the fourth scientific paper [Chapter 6]. 
Observations of bacteria free in the host cell cytoplasm indicated that 
P. shigelloides is able to escape from the initial vacuolar compartment. The 
bacteria-containing vacuoles had not been characterised, nor had it been 
determined at which point the bacteria escape from vacuolar compartments. 
In this study, it was proposed that P. shigelloides escapes from the vacuolar 
compartment prior to phagosome-lysosome fusion, demonstrating a strategy 
of evasion of normal host defence mechanisms. 
The fifth scientific paper [Chapter 7] describes the relationship between 
P. shigelloides morphology, adherence and invasion efficiency and phase of 
growth, with the aim of further clarifying how different morphological forms 
and the source of isolates of P. shigel/oides may influence intestinal 
colonisation and pathology. This study provided evidence for the first time of 
environmental isolates displaying pathogenic characteristics; they were found 
capable of adhering to and entering human intestinal cells in vitro. An 
increase in numbers of P. shigelloides adhering to and entering Caco-2 cells 
was then observed when bacteria were grown to exponential-phase, in 
comparison to stationary-phase cultures, suggesting that virulence factors 
important to bacterial entry are more efficiently expressed for exponential-
phase cultures. Evidence of an increase in the morphological expression of 
filamentous appendages on P. shigelloides isolates when grown in 
exponential phase, also supported this notion. 
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1.0. Introduction 
In this introductory chapter, microbial pathogenesis is reviewed, with an 
emphasis on understanding how a bacterial pathogen causes an 
infection/disease through its effect on the host cell biology. The review is 
centred on P/esiomonas shigel/oides, which previously has been considered 
of little enteropathogenic significance, mainly due to that lack of conclusive 
evidence linking this bacterium with human disease. This opinion may 
change significantly as more research is focused on this bacterium. To 
understand whether P. shigel/oides contributes to bacterial pathogenesis and 
human disease, it is necessary to understand the basics of how these 
bacteria interact with host cells. 
The first part of the chapter describes bacterial pathogenesis, and examines 
specifically how pathogens differ from commensals, using bacterial infections 
of the gastrointestinal tract as examples in describing bacterial pathogenesis. 
Gastrointestinal tract dysfunction may result from diverse mechanisms, which 
may be used by many bacterial species. This review addresses the different 
steps that are involved in an infection/disease process, from bacterial 
adherence to the ultimate fate of the microorganism. 
The second part of the chapter discusses the models currently used to 
assess bacterial pathogenesis. Although animal models are the "gold 
standard" when addressing the pathogenic potential of an organism, they are 
neither always appropriate nor always available. This chapter examines 
alternative model systems, especially in vitro cell lines. Additionally, in this 
chapter, the tools used to examine bacterial interaction with cell cultures will 
be assessed. 
The third part of the chapter reviews the pathogenic status of Plesiomonas 
shigelloides. The ability of P. shigel/oides to adhere, invade and produce a 
toxin will be discussed. The chapter concludes with an outline of some of the 
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issues that need to be addressed to further clarify P. shigelloides 
pathogenesis. 
2.0. Microbial Pathogenicity 
Microbial pathogenicity has been defined as "the biochemical mechanisms 
whereby microorganisms cause disease" (Smith, 1968). It is generally 
accepted that any organism capable of causing disease is viewed as a 
microbial pathogen. However, being pathogenic is simply a strategy for 
survival for the pathogen. 
Although there is a diverse range of microorganisms in our environment, very 
few of them produce detrimental effects to eukaryotic hosts. So what 
differentiates a pathogen from a commensal species? One distinct difference 
among commensal microbes, opportunist microbes and pathogens is that 
pathogens have evolved the ability to evade the host cellular and anatomical 
barriers that would normally exclude microorganisms. Many pathogens can 
damage host cells to gain access to a new, unique niche that provides less 
competition with other microorganisms, as well as a new and abundant 
source of nutrients. Pathogens also have acquired the ability to circumvent, 
exploit or subvert normal cellular defence mechanisms in order to survive 
and multiply at the host's expense. 
A related and perplexing question is how can a single species be a 
commensal organism in one anatomical site, but cause devastating effects 
when introduced into another anatomical site? The classic example is 
Escherichia coli: this organism usually is a commensal organism within the 
gastrointestinal tract, but when introduced into the urinary tract, for example, 
it can induce detrimental effects to the host (Salyers and Whitt, 1994). It is 
generally agreed that pathogens require a particular stimulus in order to 
express their virulence (Falkow, 1997; Falkow eta/., 1992). The types of 
stimuli may include the presence of a specific protein on a host cell surface, a 
change in pH, or particular temperatures, or activation of the host immune 
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system. Therefore, for E. coli, the urinary tract provides a particular stimulus 
that induces the expression of bacterial virulence in this site. 
Additionally, it has been documented that within a single bacterial species, 
there are often different virotypes, each with their own degree of virulence. 
This phenomenon has been clearly demonstrated by the single species 
E. coli. Currently, there are six categories of diarrhoeagenic E. coli, 
differentiated on the basis of pathogenic features, including enteropathogenic 
E. coli, enterohaemorrhagic E. coli, enterotoxigenic E. coli, enteroinvasive 
E. coli and enteroaggregative E. coli (Nataro and Kaper, 1998). However, it 
remains a possibility that there are still other categories of diarrhoeagenic 
E. coli in addition to those described (Clarke, 2001), and such categories 
may exist for other bacterial species. 
To simplify this most complex issue, the key distinction between pathogens 
and commensal species is that the pathogen, through evolution, has gained 
the inherent capacity to breach host defense mechanisms (Salyers and 
Whitt, 1994; Finlay and Falkow, 1989). A single genetic event under the 
selective pressure of survival can be sufficient to cause a major change in 
the host-parasite relationship. However, the evolution of a pathogen is often 
more complex, requiring a number of parameters (Salyers and Whitt, 1994; 
Finlay and Falkow, 1989). 
It has been known for many years that a number of the essential 
determinants of bacterial pathogenicity are found on mobile genetic elements 
like bacteriophages and plasmids (Galan and Collmer, 1999). However, with 
the more recent discovery of pathogenicity islands (PAls), which are large 
DNA inserts found in many pathogens but which are absent in non-
pathogenic organisms, many aspects of microbial pathogenicity have been 
clarified (Galan and Collmer, 1999). These PAls are comprised of DNA that 
often differs considerably from the bulk of the bacterial genome in G + C 
content and codon usage. PAls often are bound by unique DNA sequences, 
such as direct repeats or insertion sequences (IS), which suggest that some 
kind of recombination event delivered them to the bacterial genome (Mecsas 
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and Strauss, 1996). In some bacterial species, this is reflected by the 
tendency of PAls to delete with high frequency (Mecsas and Strauss, 1996). 
The site of insertion of PAls often is associated with a t-RNA locus, which 
previously has been recognised as a site of bacteriophage insertion (Galan 
and Collmer, 1999). Similarly, PAls sequences often contain homologs of 
bacteriophage attachment sites; transposon sequences, plasmid replication 
origins, or IS elements. 
Of particular relevance to pathogenic bacteria, PAls often contain genes 
encoding systems that allow bacteria to efficiently interact with the host 
(Galan eta/., 1999). These systems, known as Type Ill secretion systems, 
are found in many of the Gram-negative bacteria that cause disease in 
animals and plants (van Gijsegem eta/., 1995), and are specialised for the 
export of virulence factors delivered directly to host cells. Type Ill secretion 
systems are activated when a pathogen comes in close contact with host 
cells (Watarai eta/., 1998; Ginocchio eta/., 1994). This stimulus induces the 
production of effector molecules, which move to the external surface of the 
bacterium, and may induce the formation of surface appendages, as 
observed with Sa/monel/a enterica serovar Typhimurium (Ginocchio et a/., 
1994). Alternatively, these effector molecules may be secreted by the 
bacterium and delivered into the host cell (Pettersson eta/., 1996). In either 
case, the effector molecules cause changes in host cell function by modifying 
host cell proteins to the benefit of the pathogen, promoting the pathogen's 
ability to survive and replicate (Mecsas and Strauss, 1996). For example, 
Yersinia spp. bind to host cells and inject numerous molecules (eg. YopE and 
YopH) which modify macrophage proteins, destroying the ability to engulf 
and kill bacteria (Roqvist et a/., 1990). In contrast, the type Ill secretion 
systems of Shigella spp. and Salmonella spp. transport effector molecules 
which subvert normal host cellular processes, allowing these bacteria to 
induce their own uptake into normally non-phagocytic cells (Galan, 1996; 
Menard eta/., 1996). This strategy will be discussed in more detail in section 
3.2.2.2. 
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biology, but also how host cells respond to bacterial challenge. Such 
analyses have provided important insights into divergent pathogenic events 
and have emphasised the necessity of characterising disparate microbial-
host cell interactions. Diagnosis and treatment of infectious diseases are 
dependent on the understanding of cellular and molecular pathogenic 
mechanisms used by specific bacterial species. 
3.0. Bacterial Infections of the Gastrointestinal Tract 
This section will concentrate on bacterial infections of the gastrointestinal 
tract as a model to examine the concept of bacterial pathogenesis, since 
bacterial infections of the gastrointestinal tract (GIT) are one of the leading 
causes of morbidity and mortality in populations in underdeveloped countries. 
Gastrointestinal tract infections also remain a significant global health 
concern for the immunocompromised or immunosuppressed individuals, the 
elderly and neonates (World Health Organisation, 2002). Although most 
diarrhoeal diseases are often viral in origin, the bacterial infections are 
usually more servere. Bacterial diarrhoeal diseases are often caused by 
Gram-negative bacteria belonging to the families Enterobacteriaceae and 
Vibrionaceae (Duncan and Edberg, 1995). There are, however, a number of 
notable Gram-positive enteropathogens (see Bliska eta/., 1993), as well as 
protozoal and viral pathogens that are of considerable concern (see Ljungh, 
1998). Despite the frequency of occurrence and the severity of infectious 
GIT disease, little is known of the mechanisms of pathogenesis for many of 
the aetiological agents. 
Gastrointestinal tract pathogens need to be resistant to the rigours of life in 
the GIT, which is characterized by relatively high temperatures (in 
comparison with the external environment), extremes of pH, differences in 
the available nutrients, and high concentrations of bile salts, digestive 
enzymes and secretory antibodies. The pathogens must have the ability to 
overcome peristaltic waves and must compete with other commensal 
organisms in the GIT microbial community (Duncan and Edberg, 1995; 
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Polotsky eta/., 1994). Most microorganisms do not survive such conditions 
and also are susceptible to the host defence mechanisms. 
Many GIT pathogens share a common target- the small intestine epithelium -
but distinct mechanisms have been identified for bacteria to achieve the 
same outcome, viz, GIT dysfunction. Sophisticated interactions may induce 
detrimental effects to host cells by toxin production, invasion or manipulation 
of the host cell cytoskeleton (Polotsky eta/., 1994). These interactions may 
allow the pathogen to gain access to non-phagocytic cells or enable them to 
avoid ingestion by professional phagocytes (Galan, 1994). Notably, there is 
now significant experimental evidence to suggest that different bacterial 
species, and even strains within a single species, employ a number of 
distinctly different pathogenic mechanisms in the GIT (Nataro and Kaper, 
1998). 
Gastrointestinal tract dysfunction commonly is characterised by 
gastroenteritis. There are several forms of gastroenteritis; the two most 
significant forms are dysentery and cholera (Ljungh, 1998; Duncan and 
Edberg, 1995; Polotsky eta/., 1994). Clinically, dysentery is characterised by 
varying combinations of watery diarrhoea and bloody mucoid stools with 
abdominal cramps and fever. These clinical symptoms are a result of either 
a severe inflammatory response occurring as bacteria enter host epithelial 
cells (Ljungh, 1998; Duncan and Edberg, 1995; Polotsky eta/., 1994) or as a 
result of the action of cytotoxic enterotoxins as seen in the case for 
enterohemorrhagic E. coli (Noel and Boedeker, 1997) and Clostridium diffici/e 
(Lyerly et a/., 1988). In contrast, cholera-like diarrhoea results from 
microorganisms exerting a cytotonic effect mediated by an exotoxin. This 
causes watery diarrhoea without inflammation and epithelial destruction. The 
various toxins appear to act by upsetting the balance between absorption 
and secretion in the intestinal mucosa (Ljungh, 1998; Duncan and Edberg, 
1995; Polotsky et a/., 1994). It has been demonstrated that toxins may alter 
the microvillar structure of the intestinal epithelial cell, compromising its 
function in absorption and, thus, producing characteristic watery diarrheoa 
(Ljungh, 1998; Duncan and Edberg, 1995; Polotsky eta/., 1994). 
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3.1. Structure and Function of Gastrointestinal Tract 
In order to understand bacterial modifications of host gastrointestinal tract 
cells, it is important to have a thorough understanding of the normal mucosal 
histology as it relates to enteric infections. The gastrointestinal tract is lined 
with a mucous membrane. This epithelial lining has a role in both secretion 
and absorption. The intestinal mucosa comprises five types of epithelial 
cells: two types of absorptive cells (those covering the ileal villi and colonic 
surfaces and those overlying lymphoid follicles) commonly referred to as 
"enterocytes", as well as protein-secreting (Paneth), mucus secreting 
(goblet), and enteroendocrine cells (Polotsky eta/., 1994). As the absorptive 
cells are the principal targets for enteric pathogens, this review will focus on 
this cell type. Absorptive cells are epithelial cells and, as the name suggests, 
have an absorptive role in the intestine, however they also have secretory 
capabilities (Polotsky eta/., 1994; Rodriguez-Boulan and Nelson, 1989). 
Absorptive epithelial cells (Figure 1) are polarised columnar cells that are 
closely linked to neighbouring cells (Rodriguez-Boulan and Nelson, 1989). In 
addition to the zona adherens, specialised structures involved in cell-cell 
adherence - tight junctions or zona occludens - form an impermeable seal 
between adjacent epithelial cells (Cereijido eta/., 1989). These structures 
are supported by actin filaments and form a belt near the apical surface of 
the cell (Cereijido et a/., 1989). Contact between cells is mediated by 
cadherins, which are transmembrane proteins linked on the cytosolic side of 
the membrane to three cytoplasmic proteins called catenins (Rodriguez-
Boulan and Nelson, 1989). Tight junctions also divide epithelial cells into two 
domains (apical and basolateral) and, thus, the cell has a distinctly polarised 
distribution of proteins and lipids on these two surfaces (Rodriguez-Boulan 
and Nelson, 1989). Cytokines, inflammatory mediators and leucocyte flux 
may modulate the grip of tight junctions so that paracellular channels may 
become accessible to microorganisms (Polotsky et a/., 1994; Rodriguez-
Boulan and Nelson, 1989). 
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Figure 1: Diagrammatic representation of a typical GIT epithelial cell as seen 
with an electron microscope, illustrating expression of microvilli at the apical 
surface. Tight junctions (zonula occludens) and desmosomes are present on 
the lateral surfaces. (Drawing from E. Hay, in R.O. Greep: Histology. 2nd ed. 
New York, McGraw-Hill Book Co., 1965). 
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The apical surface of these epithelial cells differentiates to a brush border of 
microvilli expressing a variety of glycoproteins that may play a role as 
receptors for enteric bacteria and their toxins (Rodriguez-Boulan and Nelson, 
1989). The apical surface also is involved in the vesicular transport of 
endocytosed and exocytosed substances (Rodriguez-Boulan and Nelson, 
1989). It has been demonstrated that many bacteria may exploit this 
pathway when entering enterocytes and this will be discussed in more detail 
in section 3.2.2.1. 
3.1.1. Cytoskeletal Components 
The cytoskeleton of enterocytes is composed of highly organised networks of 
contractile and supportive filaments, notably tubulin and actin (Weinberger et 
a/., 2000). Actin is found in a number of locations, including the terminal web 
and extending into the core of the microvillus and toward regions of 
intercellular contacts, in association with cadherins at the zonula adherens, 
thus forming a peripheral ring surrounding the cell, in a less organised 
network of filaments found along the rest of the lateral surface, including the 
tight junctions, and in larger bundles in the basal cytoplasm in association 
with integrins at focal adhesion sites (DuBose and Haugland, 1993; Gottlieb 
eta/., 1993). Together with tight junctions, the cytoskeleton induces and 
maintains enterocyte polarity (Weinberger eta/., 2000; Salas eta/., 1997), as 
well as controlling the normal movement of cellular organelles and vesicles 
containing ingested and secreted material, and the movement of bacteria 
within the cell. 
3.1.1.1. Microtubules 
Microtubules are tubular polymers, which function in organellar movement 
and cytokinesis. The microtubules are formed of serially repeated subunits 
consisting of dimers of a tubulin and 13 tubulin (Weinberger et a/., 2000). 
Microtubules are dynamic structures that polymerise and depolymerise by 
the reversible addition and loss of tubulin dimers at the ends of the 
microtubules (Margolis et a/., 1980). It is the dynamic properties of 
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microtubules that are critically involved in their cellular functions. The two 
ends of individual microtubules differ both structurally and kinetically, and the 
rates and durations of growing and shortening at one end (the "plus end") are 
much more extensive than the rates and durations of growing and shortening 
at the opposite ("minus end") end of the molecule (Margolis eta/., 1980). 
A number of chemicals are able to suppress the dynamics of microtubules, 
resulting in inhibition of specific cellular processes. The use of these 
chemical probes to alter microtubule assembly dynamics not only has helped 
elucidate the role of dynamic microtubules in specifying or regulating cell 
function, but also indirectly has clarified the role of microtubules in bacterial 
uptake in non-phagocytic cells (Vandecandelaere eta/., 1997; Oelschalaeger 
et a/., 1993; Margolis et a/., 1980). There are five major microtubule-
interactive drugs: vinblastine, colchicine, podophyllotoxin, nocodazole and 
taxol (Jordan and Wilson, 1998). These compounds are used in cancer 
therapy, as they inhibit cell division, among other effects. However, 
colchicine is the most commonly used drug with respect to bacterial 
pathogenesis (Hu and Kopecko, 1999; Wells eta/., 1998). 
Since it was first isolated from the plant Colchicum autumnale, colchicine has 
played a fundamental role in the elucidation of the properties and functions of 
microtubules. Colchicine completely inhibits microtubule polymerisation in 
vitro at concentrations well below the concentration of free tubulin 
(Vandecandelaere eta/., 1997). In contrast to vinblastine, colchicine cannot 
bind directly to the microtubule ends, but rather binds to soluble tubulin to 
form a tubulin-colchicine complex which then binds to the microtubule ends 
(Vandecandelaere et a/., 1997; Margolis et a/., 1980). The binding of this 
complex inhibits any further addition of tubulin to that microtubule end. 
3.1.1.2. Actin microfilaments 
Actin filaments, also known as microfilaments, are helical polymers 
composed of the protein actin (Cooper, 1997; DuBose and Haugland, 1993; 
Gottlieb et a/., 1993). This protein exists in several forms within the cell, 
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including pools of globular monomeric actin (G-actin) and filamentous actin 
(F-actin) (Cooper, 1997; DuBose and Haugland, 1993; Gottlieb eta/., 1993). 
Actin filaments are formed through the polymerisation of actin monomers (G-
actin) (Cooper, 1997; DuBose and Haugland, 1993; Gottlieb et a/., 1993). 
This process is reversible, where monomers both associate with and 
dissociate from the ends of actin filaments (Cooper, 1997; DuBose and 
Haugland, 1993; Gottlieb et a/., 1993). The formation of actin filaments is 
necessary for cytoplasmic activities such as cell locomotion and division, and 
phagocytosis (Gottlieb et a/., 1993). The latter of these activities is of 
particular interest in this review. 
Cytochalasins, fungal metabolites, disrupt actin polymerization by binding to 
the barbed end of actin filaments. This binding inhibits both association and 
dissociation of actin subunits at that end (Cooper, 1997). Cytochalasins have 
been shown to depolymerise filamentous actin, to stabilise oligomers, to 
stimulate F-actin ATPase activity and to interact with G-actin to accelerate 
actin self-assembly (Wells eta/., 1998; Cooper, 1997; Gottlieb eta/., 1993). 
It is for these reasons that cytochalasins have been extensively used to 
evaluate the role of actin in cell processes. Cytochalasin D, a member of the 
family of cytochalasins, is thought to be more specific for actin than other 
cytochalasin family members (Cooper, 1997). However, it is important to 
note that cytochalasin D may have targets other than actin. Of particular 
concern, cytochalasin D is known to inhibit protein synthesis (Cooper, 1997). 
A frequent application of cytochalasin D is in studies determining the 
bacterial requirement of host cytoskeletal actin during bacterial invasion and 
uptake into host cells. It remains largely unknown what, if any, other effects 
the incorporation of cytochalasin D into assays may have on the overall 
functioning of the host cell, or the entering bacterial cell. 
3.1.2. Host Cellular Events 
Endocytosis is the general term for the internalisation of small particles or 
solutes into eukaryotic cells (for reviews see Holtzman, 1989; Steinmann et 
a/., 1983; Silverstein eta/., 1977). Phagocytosis is a cellular process most 
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relevant to the uptake of bacterial and protozoan parasites and this term is 
normally used to describe endocytosis in specialised cells involved in cellular 
immunity, such as macrophages and polymorphonuclear leucocytes 
(Holtzman, 1989; Silverstein et a/., 1977). Phagocytosis involves the 
internalisation of particles (> 0.51-lm diameter) through an endocytic pathway, 
as depicted in Figure 2. 
The first stage of phagocytosis/endocytosis involves recognition of the 
particle. Binding of the particle to receptors on the surface of the phagocytic 
cell triggers the extension of pseudopodia, which are extensions of the cell 
cytoplasm covered by cell membrane. The formation of pseudopodia is 
activated through the assembly and disassembly of actin filaments cross-
linked into a three dimensional network. Pseudopodia extend to form a cup-
like structure around the particle. When the particle is completely 
surrounded, the plasma membrane fuses to form an intracellular vesicle, 
known as the phagosome, which detaches from the plasma membrane to 
move along the cell cytoskeleton within the cell cytoplasm. After 
internalisation, remodelling of the phagosome membrane occurs rapidly (Oh 
and Swanson, 1996; Muller et a/., 1980). The phagosome then may be 
recognised by a primary lysosome. 
Lysosomes are cytoplasmic organelles that contain an array of hydrolytic 
enzymes, particularly acid hydrolases, which aid in the digestion of all types 
of biological polymers (Kornfield and Mellman, 1989; von Figura and Hasilik, 
1986). Membranes isolated from secondary lysosomes contain characteristic 
proteins such as lysosomal associated membrane proteins (LAMP) and 
lysosomal membrane glycoproteins (lgps) (Mukherjee eta/., 1997; Holtzman, 
1989). Lysosomes, at the ultrastructural level, generally are morphologically 
indistinguishable from other cellular vacuolar components, appearing as 
electron-dense organelles delimited by a single membrane (Holtzman, 1989). 
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Figure 2: Schematic diagram of the intersection between the endocytic 
and secretory pathways. In phagocytosis, particles are taken up into 
phagocytic vacuoles or phagosomes. In autophagy, internal organelles (such 
as mitochondria) are enclosed by membrane fragments derived from the 
endoplasmic reticulum, forming autophagosomes. Both phagosomes and 
autophagosomes fuse with lysosomes to form large phagolysosomes, in 
which their contents are digested (Drawing from Cooper GM: The Cell: A 
Molecular Approach. ASM Press, 1997) 
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To identify lysosomes, researchers often use antibodies directed against 
specific membrane constituents (Holtzman, 1989). Additionally, the 
localisation of acid phosphatase, an enzyme considered to be a marker for 
lysosomes, allows researchers to make a clear distinction between 
phagosomes and phagolysosomes (Robinson and Karnovsky, 1983). 
Specific cytochemical staining, using cerium or other heavy metal 
phosphates that form electron opaque precipitates, allows for the 
ultrastructural identification of structures containing acid phosphatase 
(Robinson and Karnovsky, 1983). 
To date, the most accepted model of lysosomal biogenesis involves the 
passage of lysosomal components via the late endosome/prelysosomal 
compartment (Griffiths eta/., 1990; Kornfield and Mellman, 1989; Griffiths et 
a/., 1988). Specifically, lysosomes are formed by the fusion of endosomes 
and transport vesicles that bud from the trans Golgi network. This pathway 
involves molecules taken up from outside of the cell in endocytic vesicles that 
bud from the plasma membrane to form early endosomes. These structures 
subsequently mature into late endosomes. It has been proposed that the key 
change during endosome maturation is the lowering of the intravesicular pH, 
as lysosomal hydrolases require an acidic environment for activity 
(Desjardins eta/., 1994). This is achieved by transportation of hydrogen ions 
by the proton pump in the endosomal membrane, and is termed endosome 
acidification (Desjardins et a/., 1994). Transport vesicles carrying acid 
hydrolases from the Golgi network fuse with the late endosome, which 
matures into a lysosome (Desjardins eta/., 1994; Griffiths eta/., 1988). As 
the transport vesicles fuse with the late endosomes, the acid hydrolases 
dissociate from the mannose-6-phosphate receptor and the receptors are 
recycled back to the Golgi as first reported and as described by Rabinowitz et 
a/. (1992), Griffiths eta/. (1988) and Willingham eta/. (1983). 
Lysosome biogenesis, thus, represents an intersection between the secretory 
pathway, through which lysosomal proteins are processed, and the endocytic 
pathway, through which extracellular particles are taken up at the cell surface 
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Figure 3: Schematic diagram of endocytosis and lysosome formation. 
Molecules are taken up from outside the cell in endocytic vesicles which fuse 
with endosomes. As the early endosomes mature into late endosomes, 
membrane components are recycled. Vesicles carrying acid hydrolases from 
the Golgi apparatus then fuse with the late endosomes, which mature into 
lysosomes as they acquire a full complement of lysosomal enzymes. 
(Drawing from Cooper GM: The Cell: A Molecular Approach. ASM Press, 
1997). 
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(Mukherjee eta/., 1997), as depicted in Figure 2 and 3. The lysosome then 
fuses with the endosome to form a phagolysosome in which the pH begins to 
drop (to less than 5.0) (Griffiths et a/., 1990; Kornfield and Mellman, 1989; 
Griffiths eta/., 1988). Within this structure, engulfed material is exposed to a 
battery of lysosomal enzymes, and much of the material is digested. When 
digestion is complete, the phagolysosomal membrane may rupture; 
discharging the vacuolar contents into the cytoplasm, or alternatively the 
contents may be transported to the cell surface and expelled to the 
extracellular environment (Griffiths eta/., 1990; Kornfield and Mellman, 1989; 
Griffiths eta/., 1988). 
In addition to degrading molecules taken up by endocytosis (phagocytosis), 
lysosomes digest material derived from autophagy. Autophagy is a widely 
used pathway for the maintenance of cellular homeostasis, and is depicted 
diagrammatically in Figure 2 (Cooper, 1997). In response to a number of 
cellular conditions, organelles and portions of cytoplasm are sequestered in 
vacuoles called nascent autophagosomes. Nascent autophagosomes are 
wrapped by a smooth double membrane of a still unclear origin (Seglen et 
a/., 1991). Based on histochemical and morphological observations, several 
origins for autophagic vacuoles have been proposed, including endoplasmic 
reticulum, the Golgi complex, the plasma membrane, tubular lysosomes and 
a specialised organelle for autophagosome fusion named the phagophore 
(Dunn, 1990 a, b). Although this controversy has not yet been completely 
resolved, a substantial amount of evidence suggests that autophagosomes 
are formed from ribosome-free regions of the rough endoplasmic reticulum 
(Dunn, 1994; Dunn, 1990 a, b). These vacuoles lose their inner membrane, 
become acidic and acquire degradative enzymes and lysosomal membrane 
proteins. The sequestered material is finally degraded in vesicles called 
autophagolysosomes or autolysosomes (Dunn, 1990b). 
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3.2. Key strategies in infection and disease 
Smith (1995) defines pathogenicity as a multifactorial property, and it has 
been suggested that in order to cause disease a bacterial pathogen must 
follow the five stages of pathogenicity. The bacterial pathogen must 
- adhere to host tissues 
(usually) invade host tissues 
multiply on or within host tissues 
- evade host defence mechanisms 
- cause damage 
Pathogens have evolved a diverse spectrum of stratagems for each of these 
stages in order to initiate an infection and or disease, and these will be 
highlighted in this review. 
3.2.1. Adherence 
Mucosal adherence is the first and probably the most important step in the 
process of infectious disease. By localizing the pathogen to appropriate 
target tissues, adherence allows the pathogen to deliver toxins more 
effectively to the host cell and also to initiate any subsequent internalization 
into the host cell (Sansonetti, 1993; Christensen et a/., 1985; Beachey, 
1981). Adherence of microorganisms is of particular importance in 
anatomical sites such as the gastrointestinal tract. Without firm attachment 
to the gastrointestinal tract epithelium, enteropathogens have very little 
chance of withstanding peristaltic movements and are at risk of being 
washed away (Christensen eta/., 1985; Beachey, 1981). It has been shown 
that many microbes can express several mechanisms of host cell 
adherence/attachment, and these alternative methods may be expressed 
under different environmental and host conditions or even at different host 
surfaces (Falkow eta/., 1992; Finlay and Falkow, 1989; Christensen eta/., 
1985; Beachey, 1981). 
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Adherence requires the participation of two factors: a receptor and a ligand. 
A receptor is defined simply as a molecule located on the host cell, whether 
part of the cell membrane or associated with it, which has binding affinity for 
a molecule (the adhesin) on the bacterial cell surface (Finlay and Falkow, 
1989). For Gram-negative bacteria, a receptor is usually a specific 
carbohydrate located on the eukaryotic host cell and an adhesin is defined as 
a bacterial surface molecule that can bind, often with high affinity, to the 
receptor (Finlay and Falkow, 1989). In some instances (for example, within 
many species of Enterobacteriaceae), the receptor appears to be a single 
sugar, namely mannose (Clegg eta/., 1987). This receptor usually binds with 
high affinity to an adhesin, which is typically a protein. 
The receptor recognised by the bacterial adhesin most likely determines host 
tissue specificity for that adhesin and, thus, determines bacterial colonisation 
or persistence, although it must be acknowledged that other factors may 
contribute (Salyers and Whitt, 1994). Many enteric pathogens bind 
specifically to epithelial cells of the gastrointestinal tract, but not to epithelial 
cells derived from other anatomical sites. For example, it has been 
demonstrated that Helicobacter pylori adheres specifically to the epithelial 
cells of the gastrointestinal tract but not to epithelial cells of the nervous 
system or urogenital tract (Boren eta/., 1993). 
A variety of molecules and macromolecular structures, collectively described 
as adhesins, mediate bacterial adherence to cell surfaces or cell molecules, 
and these can be broadly divided into filamentous adhesins (fimbriae or pili) 
and nonfilamentous adhesins, which include most other types of adherence 
molecules. 
3.2.1.1. Filamentous adhesins 
Filamentous adhesins mediate bacterial adherence through elongated 
structures called pili or fimbriae (Salyers and Whitt, 1994). The term 
"fimbriae" is the correct term for this structure, as the term "pili" is given to the 
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longer and more flexible rod-shaped structures involved in conjugation. 
However, some literature sources use the two words interchangeably. 
Fimbriae are hair-like appendages that originate in the cytoplasmic 
membrane of the bacterial cell and are composed of proteinaceous subunits 
(pilin) (Soto and Hultgren, 1999; Smyth eta/., 1996). Fimbriae can occur at 
the poles of the bacterial cell or can be evenly distributed across the entire 
surface of the bacteria (Smyth et a/., 1996). 
There are four types of fimbria! adhesins, characterised by their molecular 
structure and assembly pathways: P and type 1 pili (chaperone-usher 
pathway), type IV pili (general secretion pathway), curli (extracellular 
nucleation-precipitation pathway) and CS1 pili (alternate chaperone pathway) 
(Soto and Hultgren, 1999). Type IV pilus adhesins have been implicated in a 
variety of functions, including adhesion to host cell surfaces, twitching 
motility, modulation of target cell specificity and bacteriophage adsorption 
(Soto and Hultgren, 1999). More specifically, they have been shown to be 
essential for the colonization of the intestine by enteropathogens such as 
Vibrio cholerae, Aeromonas species, enterotoxigenic Escherichia coli and 
enteropathogenic E. coli (Soto and Hultgren, 1999; Strom and Lory, 1993). 
3.2.1.2. Non filamentous adhesins 
Non filamentous adhesins are diverse and, collectively, include all nonpilus 
adhesions. Two well-characterised pathogenic bacteria (Streptococcus 
pyogenes and Staphylococcus aureus) bind directly to a receptor 
(fibronectin) on host epithelial cell surfaces, although each does so by using 
disparate mechanisms. The adhesin molecule for S. pyogenes is lipoteichoic 
acid: this molecule mediates attachment to the amino terminus of fibronectin 
(Beachey and Courtney, 1987). In contrast, S. aureus, although also binding 
at the amino terminus of fibronectin, does so at a different site (Christensen 
eta/., 1985). The identity of the adhesin molecule for S. aureus has not yet 
been determined; however it is known that it is not lipoteichoic acid. These 
examples demonstrate that different mechanisms are utilised by different 
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bacteria to adhere to a single receptor molecule on epithelial surfaces. Such 
examples are common in the literature describing bacterial non filamentous 
adhesins. 
For Aeromonas spp., one non filamentous adhesin is the monomer that 
constitutes the S-layer. It is composed of a paracrystalline single surface 
array protein (SAP) (Murray et a/., 1988). The major structural domain 
carries binding sites for fibronectin, laminin and other extracellular matrix 
proteins (Murray et a/., 1988). The ability to assemble S-layers has been 
considered a pathogenic property in Gram-negative and Gram-positive 
microorganisms. The presence of this S-layer has been shown to increase 
the capacity for adhesion to host cells (Merino eta/., 1995). 
Additionally, there is another class of afimbrial adhesins that not only mediate 
adherence to the host surface, but also provide the key for entry of the 
microorganism into the host cell. These are defined as invasion proteins. 
The best-studied example is the outer membrane protein, invasin, of 
Yersiniae. lnvasin promotes entry of Yersinia by binding to p1 integrin 
receptors on the host cell surface via its 192-amino acid carboxyl-terminal 
domain (lsberg and Leong, 1990). This binding activates a cascade of 
signals enabling the organism to be internalised into the host cell. 
3.2.1.3. Other adherence mechanisms 
Capsules have long been considered a virulence property of bacteria. They 
have been identified on a wide variety of microorganisms including 
Escherichia coli, Salmonella Typhi, Klebsiella spp., Aeromonas hydrophila, 
Streptococcus pneumoniae and Haemophilus influenzae (Thornley et a/., 
1997; Cross, 1990). Capsules are formed from a loose, relatively 
unstructured network of polymers that cover the surface of the bacterium 
(Salyers and Whitt, 1994) and play a role in protecting the bacterium from the 
inflammatory response of the host. Capsules have been shown to mediate 
adhesion of a variety of organisms including Streptococcus spp., 
Staphylococcus spp. and Klebsiella spp. (Jaques, 1996). 
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Flagella also have been implicated as adherence structures. Although the 
primary function of flagella is bacterial motility, in some species (for example 
Esherichia coli, Aeromonas spp., Helicobacter pylori, Campylobacter jejum), 
they can facilitate adhesion, providing nonspecific adherence until specific 
adherence mechanisms are activated (Gavin eta/., 2002; Giron eta/., 2002; 
Thornley eta/., 1997; Szymanski eta/., 1995; Russell and Blake, 1994). 
Most of the adherence mechanisms described require the binding of a single 
bacterium to receptors on the host cell surface. However, it has been noted 
that bacteria can form dense, multiorganism layers on surfaces (biofilms), 
where the first layer of bacteria attaches directly to the surface and other 
layers of bacteria are attached to this basal layer by a polysaccharide matrix. 
Biofilms are observed commonly in nature, especially associated with water 
supply pipes (Salyers and Whitt, 1994). However, this unique formation also 
has been documented for Pseudomonas aerginosa in the lungs of cystic 
fibrosis patients and also within dental plaques caused by other organisms 
(Shu et a/., 2000; Salyers and Whitt, 1994). The cell-density-dependent 
signaling mechanism known as quorum sensing, has recently been 
demonstrated to play an integral role in cell attachment and detachment from 
biofilms (Davies eta/., 1998). 
Quorum sensing is a cell-density-dependent bacterial intercellular signalling 
mechanism that enables bacteria to coordinate the expression of certain 
genes (Rumbaugh eta/., 2000). Bacteria rely on small chemical molecules, 
termed autoinducers as their chemical signals, and these molecules have the 
ability to diffuse from one bacterial cell into another neighbouring cell 
(Peason et a/., 1999). Bacteria may use quorum sensing to convey 
environmental information regarding population make-up and density or to 
defend their niche from competing bacteria (Rumbaugh eta/., 2000). 
Highlighting the diverse and unique mechanisms that bacterial pathogens 
may exhibit, it now is known that not all bacterial pathogens utilise host cell 
molecules as receptors. Recently, it has been demonstrated that 
enteropathogenic E. coli injects its own receptor into epithelial host cells to 
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facilitate adherence and, ultimately, its own uptake by host cells (McCarthy, 
1997). This process, to date, appears to be unique to this species, although 
it has not been investigated widely in other bacteria. Further investigations in 
other bacterial species may uncover other unique mechanisms for the crucial 
step of adherence. 
3.2.2. Bacterial internalisation into host cells 
Once adhered to host cells, pathogenic organisms may be internalised. 
There is considerable debate whether the term "invasion" is a reasonable 
word to convey all aspects of microbial entry into host cells. The word 
invasion implies that the host cell does not play a part in the entry process. 
Often, however, the host cell is an active participant in the process, because 
bacterial entry is inhibited by cytochalasin D which interferes with host cell 
actin filament polymerisation. A more accurate definition of invasion is when 
bacterial uptake is not inhibited by cytochalasin D. As an example, entry of 
the protozoan Trypanosoma cruzi into non-phagocytic cells is not inhibited by 
cytochalasin D (Tardieux et a/., 1992). Other words that have been 
suggested are "entry", "uptake", "internalisation" or "penetration" for bacterial 
uptake into non-phagocytic cells. 
Bacterial uptake by macrophages has been described as phagocytosis and 
this specialised cell type plays an important role in cellular immunity. It is 
proposed that bacterial uptake by "nonprofessional" phagocytes could be 
accurately called parasite (bacteria)-specified endocytosis, a term coined by 
Moulder (1985). 
lnternalisation does not necessarily follow bacterial adhesion, because many 
bacteria capable of adhering to cells do not enter those cells. Bacteria that 
are internalised appear to transduce an uptake signal across the host cell 
membrane to induce cytoskeletal rearrangements necessary for bacterial 
uptake. Some advantages of cell internalisation are that the bacterium is 
protected from the host immune system, from many antibiotics and 
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antibacterial substances, from physical removal mechanisms such as 
peristalsis, and is exposed to a rich nutrient sauce (Tang eta/., 1993). In 
addition, cell internalisation may provide the bacterium with a pathway to 
reach a more favourable destination. However, the intestine is efficiently 
protected against bacterial entry by a range of innate protective responses 
such as peristalsis, mucus secretion, production of many antibacterial 
substances (including lactoferrin and secretory lgA), the existence of the 
brush border and of tight intercellular junctions which achieve efficient sealing 
of the paracellular pathway (Sansonetti, 1993). 
There are, however, specialised structures of the intestinal epithelium that 
may allow facilitated entry of bacterial pathogens. M cells are specialised 
epithelial cells of Peyer's patches that function in translocating luminal 
antigens to antigen-presenting cells present in pockets formed inside these 
aggregates of M cells (lsberg and Barnes, 2000). Several invasive 
enteropathogens (eg. Salmonella, Yersinia, Listeria and Shigella species) 
have been demonstrated to use M cells to cross the intestinal barrier. These 
pathogens have evolved distinct mechanisms to interact with the M cells of 
the host to allow translocation to the intestinal barrier (Jensen eta/., 1998). 
Additionally, noninvasive Vibrio cho/erae are taken up indiscriminately by M 
cells (Owen eta/., 1986). 
3.2.2.1. Entry into phagocytic cells 
After successfully avoiding many innate physical and biochemical defence 
barriers of the host, invasive microbes meet strategically placed phagocytic 
cells whose major function is to destroy foreign infectious agents. However, 
some microbes have the ability to enter and survive within phagocytic 
macrophages (Schaible eta/., 1999). This unique environment presents both 
advantages and disadvantages to the entering pathogen. On the positive 
side, the macrophage cell is part of the host defence system, and entry may 
offer the internalised pathogen the opportunity to manipulate the immune 
system to its own advantage. However, the intracellular environment of the 
macrophage does not provide a beneficial niche (Schaible eta/., 1999). The 
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macrophage is equipped with an array of antimicrobial activities, such as 
defensins and reactive oxygen and nitrogen intermediates - all of which 
contribute to a hostile environment (Schaible eta/., 1999). 
As a result of uptake via phagocytosis by the macrophage, the entering 
pathogen is enclosed within a membrane-bound vacuole (phagosome or 
endosome), where the pH begins to drop (Mukherjee eta/., 1997). Fusion 
with lysosomes results in the formation of an acidic phagolysosome 
containing a wide range of activated acid hydrolases and other digestive 
enzymes (Mukherjee et a/., 1997). However, it has been demonstrated that 
many bacterial species possess mechanisms to resist and survive within this 
harsh environment. 
3.2.2.2. Entry into non-phagocytic cells 
All mammalian cells can internalise small molecules and solutes, but only 
professional phagocytes (macrophages and polymorphonuclear leucocytes) 
are specially adapted to internalise large particles. Non-professional 
phagocytes (eg. epithelial and endothelial cells) do not take up large particles 
under normal circumstances. Thus, GIT mucosal epithelial cells are not 
equipped principally with phagocytic properties. Certain pathogens, 
however, possess the ability to penetrate epithelial cells by utilising host 
cellular mechanisms resembling phagocytosis (Falkow et a/., 1992). This 
capacity to enter cells which are not professional phagocytes is directed by 
the pathogen itself and, therefore, often is referred to as "bacterium-directed 
endocytosis" (Moulder, 1985). 
In general, the process of bacterial internalisation is essentially similar among 
all bacterial enteropathogens; after host cell recognition of the 
ligands/adhesins presented or excreted by the bacterial cell, a series of 
biochemical events (signal transduction) occurs to elicit uptake of the 
microbe (Cossart, 1997; Galan, 1994; Bliska et a/., 1993; Falkow et a/., 
1992). Such a process requires the participation of both the pathogenic 
bacterium and the eukaryotic host cell. However, numerous different 
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mechanistic strategies are employed by different microbes to achieve the 
same physiological outcome (Galan, 1994). Such differences highlight the 
known spectrum of bacterial pathogenic strategies and the different signals 
that are transmitted to the host cell. 
It has been demonstrated that there are a number of genes needed to induce 
bacterial uptake and these have been shown to vary among different 
enteropathogens. Yersinia spp. possess two alternative invasion systems, 
each encoded by a single gene (inv and ail, encoding invasin and attachment 
invasion locus, respectively) (lsberg eta/., 1987). lnvasin promotes bacterial 
entry into nonphagocytic cells by interacting with eukaryotic transmembrane 
proteins belonging to the integrin superfamily, including alpha3beta1, 
alpha4beta1 and alpha6beta1 integrins (lsberg and Leong, 1990). lntegrins 
normally bind to various extracellular matrix proteins such as fibronectin, 
collagen and laminin that contain Arg-Giy-Asp motifs (Hynes, 1992). These 
integrins are often localised in focal contacts, participate in transducing 
extracellular signals and are components of the apparatus that anchors the 
cell cytoskeleton to the plasma membrane and extracellular surfaces. 
lnvasin affinity to the integrins is much higher than the affinity to native 
ligands such as fibronectin (Tran van Nhieu and lsberg, 1991). It is believed 
that the high affinity binding serves to cluster integrins at bacterial-epithelial 
cell contact areas. This clustering appears to trigger host tyrosine protein 
kinase activity, which in turn causes cytoskeletal rearrangements that 
facilitate bacterial uptake (Young eta/., 1992). 
In other bacteria (such as Shigella species), the ability to gain access into 
non-phagocytic host cells is encoded by multiple gene systems known as 
invasion protein antigens (ipa). For example, S. flexneri has three clustered 
genes, ipaB, ipaC and ipaD, that encode surface exposed proteins that are 
involved in bacterial uptake (Sansonetti, 1991). The ipa proteins assemble 
into a multiprotein complex that appears to be essential for their function 
(Menard eta/., 1994). The ipa genes are located on a large plasmid and are 
regulated by at least two additional loci: the plasmid encoded virF gene and 
the chromosomal gene virR (Menard eta/., 1994). Upon contact with the 
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epithelial cell surface, the ipa proteins are secreted through the type Ill 
secretion system (Sansonetti, 1999). Recent studies have shown that ipaA 
and ipaC are directly involved in promoting changes in the host cell 
cytoskeleton (Tran van Nhieu eta/., 1999). The genes ipaB and ipaC form a 
complex that inserts into the eukaryotic cell membrane, creating a pore with 
at least two possible functions: induction of actin polymerisation via ipaC and 
injection of several proteins into the cell cytosol (Sansonetti, 1999). 
Bacterial entry into non-phagocytic cells often is mediated through the 
manipulation of particular cytoskeletal components of the host cell (Higley 
and Way, 1997). The cytoskeleton of eukaryotic cells is a complex array of 
proteins, the most prominent of which are actin and tubulin, which are 
principle components of microfilaments (MF) and microtubules (MT) 
respectively, as discussed in Section 3.1.1. Specifically, Yersinia, 
Salmonella, Shigella and Listeria species are known to be internalised by 
nonphagocytic host cells through the bacterial manipulation of host 
cytoskeletal actin (Higley and Way, 1997). 
Cell internalisation involving actin rearrangements 
Phagocytosis and bacterial internalisation appear mechanistically similar; 
both are initiated by ligand-receptor interactions that activate host signalling, 
with the host cell actin cytoskeleton providing the necessary force to 
internalise the particle into a membrane bound vacuole. Currently, there are 
two accepted general models of bacterial entry into non-phagocytic cells: a 
"trigger" type mechanism and a "zipper" mechanism (Figure 4) (Cossart, 
1998b; Sansonetti, 1998). 
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trigger mechanism zipper mechanism 
Figure 4: Diagram illustrating the trigger and zipper types of bacterial entry 
into non-phagocytic host cells. (Drawing from P. Cossart, 1998b) 
In the trigger model, bacterial proteins are secreted upon contact with 
eukaryotic host cell surfaces. The proteins form complexes interacting with 
host cell membranes and these complexes elicit signals to induce dramatic 
rearrangement of the host cell cytoskeleton, dominated by actin 
polymerisation (Sansonetti, 1998). This, in turn, induces localised membrane 
ruffling that traps the bacterium and internalises it through a process 
resembling phagocytosis (Cossart, 1997). Species of Shigella and 
Salmonella gain entry into non-phagocytic cells this way, although the 
specific pathways employed by each species differs. Shigella species are 
the causative agents of bacillary dysentery (an infection characterised by 
invasion of the intestinal mucosa and diarrhoea). Shigella flexneri is 
internalised upon adhesion to host cell surfaces in response to the secretion 
of effector proteins (invasin; ipaA, -B, -C and -D), encoded by Type Ill 
secretion systems (Sansonetti, 1998). To date, little is known of the adhesin 
responsible for mediating Shigella spp. attachment to colonic cells, although 
lipopolysaccharides have been implicated as adhesins and, additionally, 
integrins also have been suggested as possible adhesins for S. f/exneri 
attachment (Menard et a/., 1996). Secretion of these effector proteins 
stimulates re-localisation of actin filaments and myosin accumulation at the 
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site of entry, inducing the formation of a pseudopodium, which extends and 
engulfs the bacterial cell (Clerc and Sansonetti, 1987). This results in an 
internalised bacterial cell within a host membrane-bound inclusion (Clerc and 
Sansonetti, 1987). There is an absolute requirement for actin polymerisation 
in the host cell, as shown by the complete inhibition of bacterial 
internalisation after treatment of host cell monolayers with cytochalasin D 
(Wells eta/., 1998; Finlay and Falkow, 1988; Clerc and Sansonetti, 1987). 
Some species of Salmonella are invasive pathogens of humans and animals. 
Species of particular interest include Salmonella Typhi, the causative agent 
of typhoid fever, and Salmonella enterica serovar Typhimurium, the causative 
agent of gastroenteritis following the ingestion of contaminated food, water or 
milk. S. Typhimurium adheres to epithelial cells by a process which cannot 
itself induce entry. Subsequently, a bacterial product activates 
phosphorylation of the epidermal growth factor (EGF) receptor (Galan eta/., 
1992). This activation seems to induce drastic changes in calcium ion 
concentration within the host cell and, consequently, major rearrangements 
of the actin cytoskeleton to form pseudopodia, allowing internalisation of the 
bacterium. It is not yet clear whether ruffling of the host cell membrane 
induced by activation of the EGF receptor permits entry of any other 
microorganisms or whether this is specific for S. Typhimurium. On the other 
hand, S. Typhimurium can enter cells that do not express the EGF receptor, 
thus suggesting that at least one alternative uptake pathway exists for this 
bacterium (McNeil eta/., 1995). 
The entry processes of Salmonella and Shigella spp. into nonpolarised 
epithelial cells in vitro appear, morphologically, to be similar. However, one 
major difference is the surface at which they interact. S. Typhimurium 
interacts with the apical epithelial surface, whereas S. flexneri preferentially 
enters by the basal surface of epithelial cells (Mounier eta/., 1992). The cell 
surface integrin receptor, alpha5beta1, which is required for S. flexneri 
invasion in Chinese hamster ovary (CHO) cells is found only on the basal 
surface of these cells (Watarai et a/., 1998). So how does Shigella gain 
access to the basal surface, since polarised epithelial cells possess tight 
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junctions (intercellular junctions) which effectively prevent paracellular fluxes 
and luminal substances gaining access to connective tissues containing 
capillaries? It has been postulated that S. flexneri transmigrates between 
epithelial cells once the cell junctions have been opened up by the migration 
of neutrophils in response to the presence of the bacterium on the apical face 
of colonic cells (Perdomo eta/., 1994). However, to date, this suggestion has 
not been confirmed. 
In the zipper model of bacterial entry (Figure 4), bacterial cells express 
surface proteins that bind with high affinity to eukaryotic host cell receptors 
(Cossart, 1997). This binding process, coupled with minimal reorganisation of 
the host cell cytoskeleton, allows internalisation of the pathogen by a process 
which exploit the physiological signals induced by the interaction of receptors 
with their physiological ligands (Cossart, 1997). In this model, it is the 
bacterial cell itself that induces entry, unlike the trigger model where a 
bacterial product induces bacterial uptake. Both Listeria monocytogenes and 
Yersinia pseudotuberculosis gain entry into host cells by this pathway 
(Cossart, 1998a, b). 
Yersinia pseudotuberculosis possesses an outer membrane protein (invasin) 
that mediates attachment and entry into non-phagocytic epithelial cells 
(lsberg eta/., 1987). Binding to host cell surface plasma membrane integrin 
receptors (such as fibronectin) promotes internalisation, whereby the host 
cell membrane "zippers" around the bacterial cell as it enters (lsberg and 
Tran van Nhieu, 1995; lsberg and Leong, 1990; Leong eta/., 1990). As with 
the trigger model, bacterial cells are present in the host cell cytoplasm in 
membrane-bound inclusions (Sansonetti, 1998). Although host cellular 
components such as actin are required, cytoskeletal rearrangements are not 
as dramatic as suggested for the trigger model and disappear rapidly after 
bacterial entry (Cossart, 1998a, b). 
Two recent discoveries have led to the speculation that direct association of 
integrins with the host cell cytoskeleton is required during Yersinia 
internalisation: documentation that the intracytoplasmic domain of the 131 
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subunit of integrin interacts with the cytoskeleton by binding to actin-binding 
proteins such as talin and a-actinin, and evidence that actin is required for 
bacterial entry (Tran van Nhieu eta/., 1996). Interestingly, Yersinia mutants 
that showed reduced interaction of integrin with the cytoskeleton gave 
increased bacterial uptake (Tran van Nhieu eta/., 1996), whereas mutants 
with a disrupted Asn-Pro-Leu-Try sequence, implicated in the localisation of 
receptors mediating endocytosis via clathrin-coated pits, resulted in integrins 
that were deficient in bacterial uptake (Tran van Nhieu et a/., 1996). 
Additionally, immunofluorescent observations of large lattices of clathrin lying 
beneath membrane-bound bacteria in the early stages of internalisation 
suggest that integrin-mediated internalisation may share common features 
with clathrin-mediated endocytosis (Tran van Nhieu eta/., 1996). 
Experimental evidence suggests that Listeria monocytogenes can enter 
mammalian cells by at least two pathways (Cossart, 1998a, b; Cossart and 
Lecuit, 1998). One involves the bacterial surface protein called internalin 
(Gaillard eta/., 1991) binding to the calcium-dependant adhesion molecule E-
cadherin, which normally plays a role in maintaining tissue architecture 
(Mengaud et a/., 1996). This internalin-E-cadherin pathway can be 
compared to the invasin-integrin pathway of Yersinia as discussed earlier in 
this section. Even though the molecules are different, some functional 
similarity exists between the two systems, such as sensitivity to tyrosine 
kinase inhibitors and to cytochalasin D (Cossart, 1998a, b; Cossart and 
Lecuit, 1998). 
The other strategy for entry is internalin B-dependant. lnternalin B also is 
expressed on the bacterial cell surface (Dramsi eta/., 1995). The internalin B 
receptor remains elusive, although clearly it is not E-cadherin (Braun eta/., 
1998). The precise role internalin B plays in L. monocytogenes entry is not 
known. However, there is convincing evidence that it plays a role in 
internalisation, since L. monocytogenes mutants that have reduced internalin 
B function do not enter host cells (Dramsi et a/., 1995). Conversely, 
transformation of Staphylococcus camosus with a heterologous gene 
expressing internalin B allowed normally non-invasive forms to become 
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invasive (Braun eta/., 1998). Similarly, latex beads coated with internalin B 
were internalised by host cells (Cossart, 1998a, b; Cossart and Lecuit, 1998). 
Pharmacology has been used to gain insights into the cellular processes 
which are responsible for bacterial invasion and internalization. Such studies 
have involved the treatment of epithelial monolayers with cytoskeletal 
inhibitors, frequently cytochalasins (see section 3.1.1.), to determine whether 
invasion has occurred through an endocytic process. Cytochalasin B and D 
frequently have been used to clarify the requirement of actin during bacterial 
invasion and internalisation of eukaryotic cells. Cytochalasin D more 
commonly is used as it is considered to be more specific and potent than 
cytochalasin B (Rosenshine et a/., 1994). Cytochalasin D is known to 
decrease bacterial internalisation, implicating the need for F-actin 
(polymerised actin) in bacterial internalisation in non-phagocytic cells (Wells 
eta/., 1998; Rosenshine eta/., 1994; Gaillard eta/., 1987). The entry of 
bacterial pathogens into the host cells via the apical surface of polarised cells 
(eg. Salmonella and Listeria spp.) certainly is inhibited by cytochalasin D 
(Mounier eta/., 1992). However, uptake of the enteropathogen S. flexneri, 
which enters at the basal surface, is thought to increase upon the addition of 
cytochalasin D. It has been documented (Wells et a/., 1998) that 
cytochalasin D actually disrupts the tight junctions within the cell monolayer, 
possibly allowing more bacterial cells to gain access to the preferred basal 
surface - the proposed internalisation surface for S. flexneri. 
Cell internalisation involving microtubules 
Most invasive enteric organisms have been found to trigger microfilament 
entry pathways. However, there are a few bacterial species that require 
microtubules for entry of host cells. For example, the entry of Campylobacter 
jejuni into cultured human intestinal epithelial cells is microtubule-dependent 
(Oelschalaeger et a/., 1993). This observation was confirmed by Hu and 
Kopecko (1999), who demonstrated that pretreatment of Caco-2 cell 
monolayers with the microtubule inhibitor colchicine markedly reduced the 
number of C. jejuni entering these host cells. However, there is still some 
debate whether the entry of C. jejuni into host cells is dependant on the 
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bacterial strains and host cells used (Oelschalaeger eta/., 1993; Konkel and 
Jones, 1989; Faucherre eta/., 1986). 
3.2.3. Intracellular fate of microorganisms 
Whether pathogens may enter mammalian cells by phagocytosis or parasite-
specified endocytosis (as discussed in section 3.2.2), the internalised 
bacteria are encircled by a vacuolar membrane (Garcia-del Portillo and 
Finlay, 1995a; Falkow eta/., 1992; Moulder, 1985). As defence against the 
host response, many bacterial species have several strategies to ensure their 
subsequent intracellular life. Intracellular bacteria may continue to follow the 
normal endocytic/phagocytic route or may alter it for their own benefit 
(Pizarro-Cerda et a/., 1997; lsberg and van Nhieu, 1994; Moulder, 1985). 
Many intracellular pathogens (eg. Salmonella, Chlamydia, Legionella, 
Mycobacterium, Toxoplasma, and Brucella species) are adapted to live within 
various membrane-bound host vacuolar compartments (Sinai and Joiner, 
1997). Within these compartments, pathogens may block phagosome 
maturation into a phagolysosome compartment, inhibit phagosome 
acidification (thus preventing optimal activity of acid hydrolases) or adapt to 
the acidic intravacuolar environment, which in some cases may mean 
developing resistance to acid hydrolases (Sinai and Joiner, 1997). 
Alternatively, many pathogens (eg. Shigella, Listeria, Trypanosoma and 
Rickettsia) have been shown to lyse the vacuolar membrane to enter the 
cytosol of the host cell (Andrews and Portnoy, 1994). 
3.2.3.1. Lysis of membrane-bound compartments 
To gain access to the host cell cytosol, intracellular bacteria must possess 
mechanisms for disrupting the surrounding vacuolar membrane. Both 
Shigella f/exneri and Listeria monocytogenes produce a protein related to 
haemolysin with enzymic activity that partially degrades the phagocytic 
vacuolar membrane, allowing the bacteria to enter the cytoplasm (Andrews 
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and Portnoy, 1994). However, in contrast to all the other members of the 
haemolysin family, listeriolysin 0, the virulence factor for L. monocytogenes, 
has maximum enzymatic activity at acidic pH (pH 5.5), suggesting that 
acidification of the bacteria-containing phagosome may act as a trigger for 
the membranolytic action of listeriolysin 0. When inserted into membranes, 
listeriolysin 0 forms ultrastructurally visible circular lesions (Andrews and 
Portnoy, 1994; Jones and Portnoy, 1994; Portnoy et a/., 1992; Parrisius et 
a/., 1986), comparable to those formed by several other bacterial and 
eukaryotic pore-forming proteins, for example perforin and complement C9 
(Schailble eta/., 1999). 
The mechanisms used by S. flexneri to escape from the phagosomal 
compartment are less clear. It has been shown that S. flexneri has the ability 
to lyse the phagosome membrane via contact-dependant haemolytic activity 
(Zyclinsky et a/., 1994; Sansonetti et a/., 1986). This haemolytic activity 
appears to be mediated by lpaB which is found as part of the invasion-
mediating protein complex formed by lpaB and lpaC (High et a/., 1992). 
Once free in the host cytoplasm, actin accumulates around 
L. monocytogenes and S. flexneri bacterial cells, facilitating movement and 
subsequent spread to neighbouring cells (Higley and Way, 1997). 
Rickettsia spp. have not been shown to use a pore-forming protein to escape 
from the membrane-bound phagosome, but evidence suggests that a 
phospholipase A activity might be responsible for the haemolytic and 
cytotoxic effects observed in vivo (Winkler and Daugherty, 1989; Winkler and 
Miller, 1982). It is believed that in cells with a certain vacuolar composition, 
phospholipases could be sufficient to induce membrane lysis without forming 
pores (Andrews and Portnoy, 1994). It has been proposed that pore forming 
proteins may act as the first step, creating sites where vacuolar membrane 
phospholipids become accessible to degradation by phospholipases 
(Andrews and Portnoy, 1994; Winkler and Miller, 1982). 
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3.2.3.2. Bacteria occupying intracellular compartments 
Many intracellular pathogens, including Mycobacterium tuberculosis, 
Salmonella serovar Typhimurium, Brucella abortus, Legionella pneumophila, 
Toxoplasma gondii and Trypanosoma cruzi, have been demonstrated to 
block or modulate fusion of the phagocytic/endocytic vacuole with lysosomes 
and to block endosome acidification. These organisms use different 
strategies to become essentially invisible to the endocytic pathway. 
After internalisation, Mycobacterium tuberculosis is found in a phagosome 
that contains MHC class I and class II molecules, as well as the early 
endosomal marker, transferrin (Clemens and Horwitz, 1995). However, it 
appears that the mycobacterial phagosome is arrested at the early 
endosomal stage during the endocytic pathway (Clemens and Horwitz, 
1995). The consensus for the last couple of decades has been that the 
bacterium resides within a compartment with endosomal characteristics but 
which avoids fusion with lysosomes and does not acquire lysosomal acid 
phosphatase (Frehel et a/., 1986; Armstrong and D'Arcy-Hart, 1971). 
Several mechanisms have been proposed to explain the inhibition of 
phagosome-lysosome fusion, including the production of ammonia by 
mycobacterial enzymes such as urease and arginase (D'Arcy-Hart and 
Young, 1991) and the exclusion of the vacuolar proton pump (Sturgiii-
Koszycki et a/., 1994). It has been demonstrated that the vacuoles which are 
formed around Mycobacterium spp. fail to acidify below pH 6.3 to 6.5 
(Sturgiii-Koszycki et a/., 1994). Studies using immunoelectron microscopy 
showed that Mycobacterium-containing vacuoles acquire the lysosomal 
membrane protein LAMP-1, but not the vesicular proton-adenosine 
triphosphate (ATPase) responsible for phagosomal acidification (Sturgiii-
Koszycki et a/., 1994). 
However, these studies did not examine the dynamics of phagosome 
intersection with the endocytic or secretory apparatus. In principle, the 
presence of several endocytic markers in the mycobacterial phagosome 
membrane may suggest direct delivery from the trans-Golgi network (i.e. the 
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mycobacterial vacuole is present on the secretory pathway rather than the 
endocytic pathway). More recently, there is evidence to suggest that the 
mycobacterium phagosome is on the recycling endosome pathway (Frehel et 
a/., 1986; Russell eta/., 1996) 
Salmonella enterica serovar Typhimurium induces the formation of a 
spacious phagosome in epithelial cells (Garcia-del Portillo and Finlay, 1994). 
The late endosomal marker mannose-6-phosphate receptor is not detected 
on vesicles containing S. Typhimurium; neither are cathepsins 0 and L, 
unlike vesicles containing dead or non-virulent S.Typhimurium. There are 
considerable data to suggest that S. Typhimurium enters vacuoles that 
contain low levels of cell surface molecules, which bypass the late 
endosomal pathway and fuse with vesicles containing lysosomal membrane 
glycoproteins (lgps) that might arise directly from the trans-Golgi network 
(Garcia-del Portillo eta/., 1995a,b). These properties oppose current models 
about the formation of endosomes, which suggest that any incoming 
material, including large particles such as latex beads or intracellular 
pathogens, interact with compartments of the endocytic route resulting in 
vacuoles containing membrane marker proteins representative of the late 
endosome compartment of secondary lysosomes. Once within the vacuolar 
environment, S. Typhimurium induces the formation of filamentous 
structures, rich in lgps, that are connected to the bacteria-containing 
vacuoles (Garcia-del Portillo et a/., 1993a). The precise role of these 
filamentous structures has yet to be defined; however, a role in intracellular 
bacterial replication has been proposed (Garcia-del Portillo eta/., 1993b). 
Brucella abortus is a facultative intracellular bacterium that infects mainly 
macrophages and neutrophils, but also non-phagocytic cells (Baldwin and 
Winter, 1994; Detilleux eta/., 1990b). It is postulated that Brucella abortus 
enters host cells by zippering phagocytosis (see section 3.2.2.2) and 
interacts initially with early endosomes. A recent study proposed two 
intracellular routes for Brucella: one through the rough endoplasmic 
reticulum, where the bacteria replicate, and the other through the lysosomes, 
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where the bacteria fail to replicate and are eventually killed (Detilleux eta/., 
1990a). In a more recent study, it has been suggested that B abortus, like 
S. typhimurium, bypasses late endosomal compartments (Frenchick et a/., 
1985). However, in contrast to S. typhimurium, which is subsequently 
located in a lysosomal compartment, B. abortus are targeted to 
compartments with the characteristics of autophagic vesicles (Pizarro-Cerda 
eta/., 1998). 
Controversy surrounding the possible intracellular pathways of B. abortus 
arises from ultrastructural studies showing multiplying B. abortus located 
within ribosome-lined organelles that resemble endoplasmic reticulum 
(Detilleux eta/., 1990b). With more recent findings of B. abortus residing 
within autophagosome-like vacuoles (Pizarro-Cerda eta/., 1998), it has been 
speculated that the ribosomes associated with Brucella-containing 
phagosomes probably appear from the sequestration of free ribosomes 
during the process of autophagosome formation. The transit of B. abortus 
from early endosome to autophagosome indicates a convergence between 
the autophagic and endocytic pathways. Although this is still a matter of 
debate, several groups suggest that endosomes and phagosomes are able 
to fuse with nascent autophagic vacuoles (Punnonen eta/., 1993; Gordon et 
a/., 1992) 
Another bacterial pathogen known to associate with the autophagic 
machinery of host cells to establish an infection is Legionella pneumophila. 
L. pneumophila is internalised by a process called coiling phagocytosis, 
where some important signalling molecules, such as MHC class I and class II 
as well as acid phosphatases, are excluded from the inner face of the 
phagosome coil (Clemens and Horwitz, 1992). The absence of endosomal 
or lysosomal markers in the L. pneumoniae-containing phagosome indicates 
that it matures into a specialised compartment that is separate from the 
endocytic route (Horwitz, 1983). Phagosomes containing live L. pneumophila 
do not acidify below pH 6, nor do they fuse with host lysosomes (Clemens 
and Horwitz, 1995). However, as with B. abortus, the autophagic vacuole is 
associated with ribosomes, since the Legione//a-specific phagosome goes 
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through a series of trafficking events, associating sequentially with smooth 
vesicles, mitochondria and ribosomes (Swanson and lsberg, 1995). 
Swanson and lsberg (1995) noted the presence of ribosomes on the 
L. pneumophila replication vacuole, which distinguishes this organelle from 
autophagosomes that are thought to be generated from ribosome-free 
endoplasmic reticulum membranes. It has been proposed that 
L. pneumophi/a autophagosomes originate from invaginations of 
endoplasmic reticulum directly around the already intracellular bacteria 
(Swanson and lsberg, 1995). Within this unique niche, L. pneumophila 
begins to multiply inside the Legionel/a-specific phagosome, until eventually 
the host cell is lysed, releasing L. pneumophila which then can initiate new 
episodes of infection (Horwitz, 1983). 
In contrast to these host cell-mediated processes, the protozoan parasite, 
Toxoplasma gondii enters both phagocytic and nonphagocytic cells by a 
process that does not rely on the host cell endocytic machinery (Joiner, 
1997). Entry into host cells is a wholly parasite-directed event, powered by 
parasite ATP and the actin cytoskeleton of the parasite (Joiner, 1997; 
Doborowski and Sibley, 1996; Kimata and Tanabe, 1982). The result of this 
entry process is the formation of a parasitophorous vacuole, which avoids 
lysosomal fusion (Jones et a/., 1972) and fails to acidify in macrophages 
(Sibley et a/., 1985). The parasitophorous vacuole is devoid of 
intramembranous particles, and it is the removal of these that most likely 
excludes host cell proteins necessary for the recognition of signals for fusion 
with the endocytic pathway (de Carvalho and de Souza, 1989). Furthermore, 
the parasitophorous vacuole membrane forms extensive and intimate 
associations with host cell mitochondria and endoplasmic reticulum, which 
could further mask the T. gondii parasitophorous vacuole from the endocytic 
compartment (Jones and Hirsch, 1975). 
Trypanosoma cruzi is a protozoan parasite that invades most nucleated cells 
by a mechanism distinct from classical phagocytosis. During cell entry, 
pseudopodia or other surface alterations are not observed on host epithelial 
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cells (Schenkman eta/., 1988). Additionally, pretreatment of host cells with 
cytochalasin D which inhibits the polymerisation of actin and, hence, inhibits 
the entry of many enteropathogens (sections 3.1.1. and 3.2.2.2), does not 
affect the entry of trypanosomas into host cells (Schenkman eta/., 1991). 
The initial internalisation event is mediated by fusion of lysosomes with the 
host cell plasma membrane at the site of parasite attachment (T ardieux et a/., 
1992). Trypanosoma cruzi has been found to secrete haemolytic proteins 
which are optimally active at pH 5.5, suggesting that these lytic proteins 
function in acidic intracellular compartments (Andrews and Whitlow, 1989). 
Of these lytic proteins a 65-kDa pore forming toxin has been characterized 
and has been shown to allow the organism to be released from the 
parasitophorous vacuoles to the cytoplasm. It has, therefore, been 
concluded that the subsequent destruction of the vacuolar membrane by 
T. cruzi cannot be to avoid lysosomal fusion (Tardieux eta/., 1992). Once 
released into the host cytoplasm, T. cruzi can differentiate and replicate. 
In this review, the general mechanisms involved in an infection and disease 
process, including the processes of attachment, internalisation, evasion of 
host defence mechanisms for many intracellular parasites have been 
discussed and compared. Within this review, it becomes apparent that 
despite many microorganisms appearing to cause similar clinical symptoms, 
many diverse mechanisms are involved. With this in mind, new and 
emerging pathogens should be examined to determine whether there are 
common mechanisms shared amongst intracellular pathogens, or novel 
mechanisms that await discovery. 
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4.0. Models to study bacterial pathogenesis 
A key element in understanding how a pathogen may cause disease is 
examining the interactions of that pathogen with its host. From the earliest 
studies of bacterial pathogenesis, research utilising animal models has 
played a key role in elucidating many aspects of the infection process, 
including mortality of the host. Although many animal species have been 
used as models, only a few model species (including monkeys, mice and 
guinea pigs) have gained acceptance as being appropriate for the study of 
human disease (Quinn eta/., 1997). However, with the exception of a few 
primates, even these models may be of limited use, as other animals often 
are not easily infected by human pathogens and may not necessarily exhibit 
the corresponding responses and disease symptoms seen in humans. 
Since the 1950s, cells maintained in tissue culture have allowed the 
elucidation of many bacterial-host cell interactions. Tissue culture cells 
compared to primary cells provide a simple, easily controlled system and can 
provide a model that is relevant to human disease (Salyers and Whitt, 1994). 
Despite animals being the ideal model system, this physiological alternative 
has gained wide acceptance, particularly for obtaining initial data. However, 
factors expressed by bacteria grown under artificial conditions or in 
association with physiologically inappropriate host cells are not necessarily 
identical to those expressed during association in vivo with the tissue of the 
actual host. Additionally, models utilising cell lines to define in vivo events 
often lack features that host cells exhibit in vivo. Cell lines should be chosen 
which are representative of the target cell in vivo: this does not always occur 
in published studies. The development of model systems that more 
accurately reflect human physiology needs to be a key component in the 
study of human bacterial pathogenesis. 
Cell culture systems, although widely used and providing much useful 
information, do have obvious limitations when used for the study of host-
bacterial interactions. When infecting a human host, bacterial cells must 
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interact with multiple layers and types of cells and extracellular material, 
including epithelial cells, fibroblasts, vascular endothelial cells, basement 
membranes and fibrous connective material (Polotsky et a/., 1994). Until 
recently, these features could not be replicated in vitro. 
In an attempt to overcome some of the deficiencies in current cell culturing 
systems, Birkness et a/. (1995) developed an artificial bilayer tissue system, 
incorporating both epithelial and endothelial monolayers on a microporous 
membrane. This was specifically developed to examine the process of 
attachment and passage of Neisseria meningitis during infection in vitro. 
Subsequently, Birkness et a/. (1999) used this bilayer culture system to 
examine the pathogenic events that occurred during Mycobacterium 
tuberculosis infection. These two studies have demonstrated the influence of 
cell-to-cell communication on cytokine production and on cell morphology, 
differentiation, orientation and polarisation. This bilayered system made 
possible the examination of microbial attachment, internalisation, intracellular 
multiplication and intra- or intercellular passage from the epithelial cell 
surface via two cellular layers into a lower chamber (Birkness et a/., 1999), 
providing a more realistic human tissue model than standard single cell 
culture monolayers. 
These models, however, are artificial, lacking the complexity of the human 
body. Thus, the models fail to mimic some of the subtle interactions that 
occur within the various tissues, any of which may be important or even vital 
to the disease process or containment of the infection. Therefore, just as 
with animal models, caution must be taken when extrapolating results to the 
true situation in vivo. 
However, cell-culturing systems can be extremely useful, providing that the 
cells used are appropriate cells. When researchers are searching for an 
appropriate cell line, it is important that they first identify the target cell type 
for their particular pathogen. Researchers examining bacterial pathogens of 
the intestine, for example, should restrict their research to cell lines derived 
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from the gut mucosa and preferably from same host. This allows for a more 
accurate representation of the interactions that may occur in vivo. 
Some epithelial cell lines form impermeable polarised (ie. apical and basal 
surfaces) monolayers containing tight junctions and a measurable 
transepithelial resistance. These polarized epithelial cell lines include Madin-
Darbin canine kidney (MDCK) cells and the human intestinal derived Caco-2 
and HT-29 cell lines (Pine et a/., 1991). The latter two cells lines are of 
particular relevance in studies of intestinal function and interactions. HT-29 
cells can differentiate into either terminally differentiated goblet cells or 
absorptive cells (Rousset, 1986). When grown in media containing glucose, 
HT -29 cells do not have polarity or other characteristics of differentiated cells 
(Rousset, 1986). In the absence of glucose, however, HT-29 cells are highly 
polarised and, therefore, are considered relevant for studying the interactions 
of enteric bacterium with intestinal epithelial cell (Huet eta/., 1987). 
Caco-2 cells are derived from a human colon adenocarcinoma. Under 
standard laboratory conditions, this cell line displays several characteristics 
of the normal colonic epithelium. This cell line differentiates into polarised 
enterocytes that are covered by apical microvilli and are joined by tight 
junctions morphologically identical to those seen in intestinal cells in vitro 
(Rousset, 1986). While Caco-2 cells are transformed cells and they do not 
display all characteristics of normal enterocytes, they are widely considered 
most relevant for studying bacterial interactions (adherence and uptake) with 
the intestinal epithelium (Wells eta/., 1996; Szymanski eta/., 1995; Mounier 
eta/., 1992; Pine eta/., 1991). 
4.1. Microscopy tools for examining bacterial-host 
interactions 
Light microscopy has been widely used to assess the adherence and 
invasive capabilities of many enteropathogens (for example, van 
Langendonck eta/., 1998; Grey and Kirov, 1993; Tang eta/., 1993; Abbott et 
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a/., 1991; Konkel and Jones, 1989; Lawson eta/., 1985; Binns eta/., 1984; 
Holmberg and Farmer, 1984; Pitarangsi et a/., 1982; Sanyal eta/., 1980; 
Sanyal et a/., 1975). Light microscopy is a rapid and informative tool for 
assessing generic morphological interactions which occur during bacterial 
pathogenesis. However, light microscopy does not provide high resolving 
power and, hence, it cannot discriminate between adherent or internalised 
bacterial cells. Previous workers have attempted to solve this problem by 
incorporating antibiotics, commonly gentamicin, into incubation media 
(Gentamicin sensitivity assay) (for example, van Langendonck eta/., 1998; 
Grey and Kirov, 1993; Tang eta/., 1993; Abbott eta/., 1991; Konkel and 
Jones, 1989; Lawson eta/., 1985; Binns eta/., 1984; Holmberg and Farmer, 
1984; Pitarangsi eta/., 1982; Sanyal eta/., 1980; Sanyal eta/., 1975). These 
antibiotics are thought not to penetrate mammalian cells and thus kill only 
extracellular bacteria. Hence, it is postulated that only intracellular bacteria 
remain for observation by light microscopy of the antibiotic-treated cells. 
However, recent evidence strongly indicates that gentamicin penetrates 
eukaryotic cells, either by direct migration across membranes or by uptake 
pathways (Ohya et a/., 1998; Drevets et a/., 1994) and therefore may 
eliminate intracellular bacteria as well as the target extracellular bacteria. 
Also, there is evidence that gentamicin may affect the viability or growth of 
intracellular bacteria by accumulating within the host cell cytoplasm (Ohya et 
a/., 1998; Drevets eta/., 1994). Ohya eta/. (1998) investigated the influence 
of various concentrations of gentamicin on the growth of L. monocytogenes 
both inside and outside of macrophages. The results from this study suggest 
that 51Jg/ml of gentamicin was a suitable concentration to use when 
examining intracellular bacteria since, at this concentration, most of the 
extracellular bacteria were removed, while there were no obvious effects on 
the survival of intracellular bacteria. However, it was stated that at this low 
concentration, prolonged incubation (eg. for 24 hours) might affect 
intracellular bacteria (Ohya eta/., 1998). It is important to note that many 
experiments not only use high concentrations of gentamicin (for example, 
concentrations range from 18j.Jg/ml to as high as 5001-Jg/ml) (Maurin and 
Raoult, 2001), but also involve prolonged incubation times (in excess of 4 
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days) in the presence of gentamicin (Maurin and Raoult, 2001) and, 
therefore, such assays might be invalid. 
In addition to these points, when using gentamicin as an indication of 
bacterial internalisation, researchers make the assumption that the 
experimental bacterial strain will have internalised prior to the addition of 
gentamicin. The time period prior to the addition of gentamicin often is less 
than three hours after inoculation of the bacteria. Fortuitously, many of the 
bacterial species examined using this protocol gain entry to the host cell 
cytoplasm quickly; for example, within 30 minutes for L. monocytogenes and 
within two to three hours for many other well characterised enteropathogens 
such as S. flexneri (Moulder, 1985). However, for other bacterial species, 
such information has not always been clarified, and following other 
researchers' protocols for gentamicin incorporation at, for example, 90 
minutes after the inoculation of bacteria, may not allow sufficient time for 
internalisation of bacteria. 
Nevertheless, incorporation of gentamicin in assays is still a useful protocol, 
provided that the mode of internalisation and subsequent fate of the 
pathogen is known or at least considered. It has been recommended by 
Galan eta/. (1994) that gentamicin should not be used when examining a 
new organism, as the gentamicin assay by itself is not sufficient to determine 
that bacteria are intracellular. Hence, other methods, such as electron 
microscopy and immunofluorescence, should be incorporated in 
experimental design. 
Electron microscopy has made a dramatic impact on our knowledge of cell 
biology. Light microscopy allows magnification of up to 1000 times and, 
therefore restricts our ability to image small objects and structures such as 
bacteria. Electron microscopy takes advantage of the much shorter 
wavelength of the electron beam, in comparison to visible or UV light, thereby 
allowing another one thousand-fold increase in magnification, coupled with 
an increase in resolution (Robards and Wilson, 1993). 
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There are two basic types of electron microscopes: the transmission electron 
microscope which projects electrons through a thin specimen or thin section 
of specimen to produce a two dimensional image on a phosphorescent 
screen and the scanning electron microscope which produces a three 
dimensional image created by using a 2-3nm spot of electrons to scan the 
surface of the specimen (Robards and Wilson, 1993). Scanning electron 
microscopy is used to analyse the surface topography of a specimen, 
whereas transmission electron microscopy allows internal details of the 
specimen to be observed by examining thin sections the specimen (Robards 
and Wilson, 1993). With respect to examining pathogenic bacteria 
interacting with host cells, transmission electron microscopy allows definitive 
resolution of the intracellular positioning of the bacteria and the intracellular 
events occurring (Ryter, 1990). 
Specimen preparation for electron microscopy methods often is labour 
intensive (sample preparation can take as long as one week prior to 
transmission electron microscopic viewing) and technically demanding. 
However, as well as providing higher resolution than light microscopy, 
transmission electron microscopy techniques eliminate the need to use 
gentamicin, as the adherent bacterial cells can be clearly differentiated from 
those which have entered host cells. 
Fluorescence microscopy involves the use of antibodies or other specific 
binding molecules labelled with fluorophores to detect substances within a 
specimen. Fluorescence microscopy can be performed by direct or indirect 
methods; for example, direct immunofluorescence involves the conjugation of 
a primary antibody with a fluorophore, such as fluorescein or rhodamine, 
while indirect immunofluororescence involves the primary antibody being 
visualised by a flurophore-conjugated secondary antibody raised against the 
immunoglobulins of the species in which the primary antibody was raised. 
Direct methods may be less sensitive than indirect methods because, 
theoretically, more than one molecule of the secondary antibody can bind to 
a given molecule of the primary antibody. Hence, indirect methods often give 
more sensitive visualisation of the flurophore. 
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Confocal Laser Scanning Microscopy (CLSM) uses the combination of a 
focused illumination spot and a detection pinhole to restrict excitation and 
detection of the flurophore to a small, diffraction-limited volume within the 
focal plane (Wilson and Sheppard, 1984). Out of focus information does not 
contribute to the background, in comparison to conventional fluorescence 
microscopy, because the out of focus region receives little or no illumination 
and the detector aperture rejects any signal derived from above or below the 
imaging plane. Additionally, confocal laser scanning microscopy can be used 
to optically section intact or thick specimens. This ability has ensured CLSM 
widespread biological application for the examination of three-dimensional 
distribution of fluorescent probes within intact, fixed or living specimens 
(Paddock, 1991; Wilson and Sheppard, 1984). 
The properties of the CLSM have allowed development of rapid diagnostic 
tests for particular bacterial species, such as the fluorescent-actin staining 
test for enteropathogenic Escherichia coli (EPEC) (Knutton et a/., 1991, 
1989). In the absence of tests for specific virulence properties, serotyping 
remained the main diagnostic test for EPEC until recently. However, one 
property that is diagnostic for EPEC is their ability to produce characteristic 
attaching-effacing (AlE) lesions when the bacterium adheres in vivo. The 
AlE lesion is composed of dense concentrations of microfilaments, 
predominantly actin (Knutton et a/., 1991, 1989) which can be visualised 
readily by fluorescence staining with an antibody raised against host 
cytoskeletal actin and conjugated to a flurophore. 
Confocal scanning laser microscopy also has the capability to visualise 
multilabelled specimens (Wilson and Sheppard, 1984). This application is 
particularly useful when the localisation of intracellular bacteria with respect 
to particular host cytoskeletal components (such as cytoskeletal actin) is 
sought, as both can be labelled with different flurophores. 
It is important to emphasise that utilising a model system to assess 
pathogen-host interactions will only provide a 'snap-shot' of the events 
occurring in bacterial pathogenesis. Interactions are multifactorial, dynamic 
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and often quite complex events. Often model systems do not consider other 
parameters such as the host immune system, mucus formation and other 
competing microflora. 
5.0. Plesiomonas shigelloides 
Plesiomonas shigelloides is recognised widely as an emerging enteric 
pathogen (Foster, 1997). Documentation of clinical and epidemiological 
evidence in support of its status is significant and ongoing (see Ahmad eta/., 
1998; Brenden eta/., 1988). Although this organism has been implicated as 
an aetiologic agent of both intestinal and extra-intestinal infections in 
humans, the former is the predominant anatomical focus. However, the 
pathogenic mechanisms by which P. shigelloides causes GIT dysfunction 
await definitive resolution. Inadequacies in experimental design, deficiencies 
in clinical diagnosis and lack of appropriate animal models have hindered the 
establishment of its role in enteric disease. 
Plesiomonas shigelloides historically has been considered of little 
enteropathogenic significance, due to the lack of clearly demonstrated 
virulence factors such as enterotoxins, cytotoxins, or invasive abilities (Abbott 
eta/., 1991; Olsvik eta/., 1990; Herrington eta/., 1987; Miller and Koburger, 
1985; Binns eta/., 1984; Holmberg and Farmer, 1984; Pitarangsi eta/., 1982; 
Johnson and Lior, 1981; Sanyal et a/., 1980). However, recent 
epidemiological evidence has strongly implicated P. shigelloides as a 
significant cause of diarrhoeal disease; in Japan it is considered to rank third 
(at 5.6%) in the league of traveller's diarrhoea (Schubert and Holz-Bremer, 
1999). The prevalence of this organism in other countries is not known. Due 
primarily to the lack of recognition by many clinical diagnostic laboratories 
that can not or do not accurately identify members of this genus, the number 
of isolates reported has been seriously underestimated. 
The genus Plesiomonas traditionally has been placed within the family 
Vibrionaceae based on phenetic classification (Schubert, 1983) and, thus, 
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has been considered closely related to the enteropathogens Vibrio and 
Aeromonas spp. Both phylogenetic analyses and antigenic profiling, 
however, point to a closer relationship with members of the family 
Enterobacteriaceae (Ruimy et a/., 1994), and P/esiomonas shigel/oides 
recently has been reassigned as a member of this family (Garrity, 2001). 
The genus presently consists of a single species, P/esiomonas shigelloides. 
It is a Gram-negative, non-endospore forming, rod-shaped bacterium. The 
species is reported to be motile by two to five lophotrichous flagella, but there 
is evidence that some isolates may possess peritrichous flagella (Inoue et a/., 
1991). 
Plesiomonas shigel/oides has been considered an opportunistic pathogen in 
the immunocompromised host, and has been isolated from a wide variety of 
sources including soil, surface water, food, wild and domestic animals, as 
well as diarrhoeic and asymptomatic humans (Bardon, 1999; Buckley et a/., 
1998; Abbey eta/., 1993; Miller and Koburger, 1985; Arai eta/., 1980). It is 
presumed that the consumption of or exposure to contaminated water 
sources, or food derived from such sources, serve as prime mechanisms for 
transmission of P. shigel/oides diarrhoeal disease (Abbey eta/., 1993; Arai et 
a/., 1980; Tsukamoto eta/., 1978). 
The gastrointestinal form of plesiomonad infections in humans has been 
classified into three main groups: secretory (watery) diarrhoea clinically 
resembling V. cholerae infection, a diarrhoeal form clinically resembling 
shigellosis and a subacute or chronic disease that often lasts between 14 
days and 2 to 3 months (Clark and Janda, 1991; Brenden eta/., 1988). It is 
because of these clinical symptoms that researchers have focused their 
research on identifying a cholera-like toxin and examining whether 
P. shigelloides can invade eukaryotic cells. 
As previously discussed (see section 3.2.1.), adherence to host cell surfaces 
is one stage in the bacterial infection process, which may or may not lead to 
a disease state. Being a potential enteropathogen, it is imperative for 
P. shigel/oides to possess some form of adhesion mechanism in order to 
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withstand the peristaltic movements occurring within the gastrointestinal tract 
to initiate an infection or disease. Despite attempts to characterise the 
adherence mechanism for P. shigel/oides, there has been no conclusive 
experimental data to confirm the presence of such a virulence factor. 
With acknowledgement that adherence to intestinal cells is an essential 
prerequisite for an infection process, Schubert and Holz-Bremer (1999) 
investigated the property of P. shigelloides adherence to INT-407 (non-
polarised, human intestinally derived) cells. This study was one of the first 
studies to examine potential virulence factors of P. shigelloides using cells of 
intestinal origin. It was reported that the adhesive behaviour of 
P. shigelloides, based on its ability to bind to INT-407 cells, in comparison to 
Aeromonas strains (the positive control) was of low order. However, 
differences in adhesion potential among the 56 isolates of P. shigelloides, 
from both clinical and environmental origins, were observed (Schubert and 
Holz-Bremer, 1999). It was documented that the adhesion potential of the 
clinical isolates was consistently higher than for the environmental isolates 
(Schubert and Holz-Bremer, 1999). These results may reflect the differing 
potential for virulence among strains of the bacterium. Due to the use of light 
microscopy in this study, the mechanisms involved in P. shigelloides 
adherence (for example the structure/s of the host cell to which 
P. shigel/oides adheres, and the bacterial structures involved) could not be 
visualised and await further elucidation. 
A number of studies have investigated and proposed adherence mechanisms 
for P. shigel/oides. In an unpublished study reported by Brenden et a/. 
(1988), a glycocalyx was detected on the surface of P. shigelloides: this 
substance is known to mediate pathogen-host cell adherence in other 
microbes (Costerton and Irvin, 1981). The glycocalyx reportedly was 
observed following transmission electron microscopy preparative techniques 
incorporating ruthenium red. Ruthenium red is known to enhance and 
preserve polysaccharide residues, particularly those on the cell surface 
(Robards and Wilson, 1993). It has been used to reveal the presence of 
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glycocalyces on many microbial, fungal and plant species (Costerton and 
Irvin, 1981). The glycocalyx was reported to be absent from the 
P. shigel/oides cells prepared via routine procedures (Brenden eta/., 1988) 
and, thus, would not have been noted in other published transmission 
electron microscopic studies of P. shigelloides, as these have solely 
employed routine preparative methods. 
Abbott et a/. (1991) documented that P. shigelloides had a high surface 
charge, which may mediate attachment to negatively charged epithelial cells 
via calcium bridges. In brief, it was postulated that the mutual repulsion 
between negatively charged surfaces of the bacterium and host cells could 
be counteracted by divalent metal ions such as calcium ions, which thereby 
act as a bridge between the two (Salyers and Whitt, 1994; Abbott et a/., 
1991). This type of interaction frequently is seen in oral bacterial adherence 
to tooth surfaces (Henderson eta/., 1999), and also may be an adherence 
mechanism for P. shigelloides. 
As previously raised, the clinical similarity of P. shigelloides infection to 
cholera focuses researchers to elucidate a toxin that is similar to that of 
V. cho/erae, or that produced by enterotoxigenic E. coli (which also produces 
a cholera-like illness). 
Enterotoxin production by P. shigelloides has been investigated by using 
several cell lines and animal models (Abbott eta/., 1991; Olsvik eta/., 1990; 
Herrington eta/., 1987; Binns eta/., 1984; Pitarangsi eta/., 1982; Sanyal et 
a/., 1980; Sanyal et a/., 1975). Traditionally, rabbit ileal loop, mouse Y1 
adrenal cells, Chinese hamster ovarian (CHO) cells, and suckling mouse 
assay models are used to measure E. coli enterotoxins and cholera toxins in 
culture filtrates. Although their relevance to in vivo cellular conditions is still 
in question, they do, however, provide a reasonable starting point. 
Initial studies by Sanyal et a/. (1975) failed to determine the enterotoxigenic 
status of P. shigel/oides, since negative results for toxin elaboration were 
obtained in the rabbit ileal loop assay. This failure was attributed to the slow 
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growth rates of the organism in the ileal loop. However, subsequent 
experiments by Sanyal et a/. (1980) have suggested that a toxin may be 
produced by P. shigelloides. In this experiment, researchers were able to 
alleviate the problem of the slow growth rate of the organism by acclimatising 
the bacterial cells by one to two passages through the ileal loops, and then 
all the isolates tested produced a positive result. This observation was 
confirmed in subsequent investigations by other researchers (Matthews et 
a/., 1988). 
However, toxin assays using mouse Y1 adrenal cells have produced 
conflicting results. Gurwith and Williams (1977) tested two clinical isolates of 
P. shigel/oides from children with diarrhoea and found both isolates elicited a 
positive reaction for enterotoxin using the mouse Y1 adrenal cells. In 
contrast, Penn eta/. (1982) concluded that the strains isolated from a patient 
with P. shigelloides overgrowth of the small bowel did not produce any form 
of enterotoxin. Cytolytic activity also was reported by Sanyal et a/. (1980), 
using mouse Y1 adrenal cells. 
Chinese hamster ovary (CHO) cells have been used to demonstrate 
enterotoxin production in vitro in a variety of bacteria (Guerrant eta/., 1974). 
It is known that the elaboration of E. coli and V. cho/erae toxin increases 
cyclic AMP (cAMP) levels in the host cell by activating adenyl cyclase 
(Finkelstein, 1976). Increased cAMP levels then increase the amount of fluid 
secretion by the small bowel resulting in diarrhoea (Finkelstein, 1976). In 
CHO cells, the effects of this toxin are linked to cell elongation. Toxin 
elaboration by P. shigelloides was reported by both Sanyal eta/. (1980) and 
Gardner et a/. (1987), although these results were contradicted by studies 
performed by Johnson and Lior (1981) and Abbott et a/. (1991). This 
discrepancy may be due to the P. shigelloides strains and/or sample size 
differences among studies. 
As inconsistent results have been obtained for enterotoxin activity by 
P. shigel/oides in a variety of tests (suckling mouse assay, ligated rabbit ileal 
loop, Y1 mouse adrenal cells or rabbit skin permeability), it currently is 
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thought that either P. shigelloides does not produce an enterotoxin or that the 
enterotoxin is sufficiently dissimilar to Aeromonas, Vibrio or E. coli toxins to 
remain undetected by systems used to study these toxins (Abbott et a/., 
1991; Chowdhury eta/., 1988; Gardner eta/., 1987; Herrington eta/., 1987; 
Holmberg and Farmer, 1984; Pitarangsi et a/., 1982; Johnson and Liar, 
1981). Negative results in such tests do not definitively prove that 
P. shigel/oides does not produce a toxin: the effects of a toxin may be tissue 
specific and results obtained from in vitro assays utilising non enteric cells 
may be different to those obtained with enteric cells. Moreover, the results of 
in vitro assays may not correlate with in vivo assays. 
Even with the use of current molecular biology techniques, enterotoxin 
production by P. shigel/oides has not been established. Olsvik eta/. (1990) 
used cloned fragments of DNA encoding parts of the genes for heat-labile 
and heat-stable toxins derived from E. coli, since these genes are known to 
be responsible for a cholera-like toxin production in E. coli. As 
P. shigel/oides produces cholera-like symptoms, similar to E. coli, it was 
postulated that the DNA encoding toxin production by P. shigel/oides might 
be similar. However, the lack of hybridization of the DNA probes to colony 
blots of P. shigel/oides isolates suggest that the mechanism involved for 
P. shigel/oides toxin production does not involve the same genetic sequence 
to that of E. coli. Despite P. shigel/oides producing clinical symptoms similar 
to E. coli, it would be unlikely that the toxin involved would have the same 
genetic sequence. As our knowledge of bacterial strategies broadens, we 
are learning that bacteria have evolved quite diverse mechanisms to produce 
the same clinical symptoms and outcomes. Additionally, the lack of 
hybridisation to E. coli toxin probes does not rule out the presence of other 
toxins. 
As one of the primary steps in the pathogenesis of bacillary dysentery is 
invasion of the human colonic mucosa, and given that one of the clinical 
manifestations of P. shigelloides is a dysenteric-like presentation, one can 
speculate that an invasion process also may occur with this bacterium. 
There have been few published studies which have attempted to clarify the 
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potential of P. shigelloides to invade or be internalised by host cells (Abbott 
eta/., 1991; Olsvik eta/., 1990; Herrington eta/., 1987; Binns eta/., 1984; 
Sanyal eta/., 1980). These studies all have chosen cell lines of non-enteric 
origin, taken samples solely at short incubation periods following inoculation 
and several have examined these samples only by light microscopy and/or 
by viability assays. 
Viability assays are an application of the gentamicin sensitivity assay (see 
section 4.1) involving an inoculation of a monolayer of host cells with 
suspension of bacteria. Following incubation for three to six hours 
postinfection, gentamicin is added to the culture to kill the extracellular 
bacteria. Intracellular (presumably viable) bacteria, are then released by 
lysing the monolayers. Serial dilutions and plating onto bacterial media are 
used to determine viable counts, and the number of intracellular bacteria can 
be expressed as a proportion of this inoculum. This system has been used 
to determine the presence of intracellular bacteria for other enteropathogens 
such as Campy/obacter (Harvey et a/., 1999) and A. hydrophila (Lawson et 
a/., 1985). 
The two cell lines which have been used previously to study the invasive 
potential of P. shigelloides are HeLa cells (Oisvik eta/., 1990; Herrington et 
a/., 1987; Binns et a/., 1984; Sanyal et a/., 1980;), which are derived from a 
human cervical carcinoma, and HEp-2 cells (Abbott eta/., 1991), which are 
derived from a human larynx carcinoma. Whilst acknowledging that many 
enteropathogens have the capability to be internalised by these cell lines, 
they are not the most suitable models to use for P. shigelloides, because as 
argued earlier (see section 4.0), a cell line should be representative of the 
target cell in vivo. Additionally, the majority of the data about cell entry by 
P. shigel/oides has been obtained by cell cultures grown to semi-confluence. 
This loose cellular array is hardly representative of the tightly bound and 
confluent monolayer formed by the intestinal mucosa (Grey and Kirov, 1993; 
Clerc and Sansonetti, 1987; Lawson eta/., 1985; Yamada, 1959). Moreover, 
such cells do not show apical surface differentiation that is organised as a 
brush border, or express two distinct surfaces established by intercellular 
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junctions, as observed in intestinal epithelia (Grey and Kirov, 1993; Clerc and 
Sansonetti, 1987; Lawson eta/., 1985; Yamada, 1959). 
Several light microscopy studies have indicated that P. shigelloides is 
capable of invading eukaryotic cells in vitro (Oisvik eta/., 1990; Binns eta/., 
1984). Binns eta/. (1984) reported that four of the 16 P. shigelloides strains 
analysed were capable of invading Hela cells (nonenteric cells), by a 
mechanism comparable to that of Shigella sonnei. Olsvik et a/. (1990) 
reported that three of the eleven strains tested initially demonstrated 
invasiveness for Hela cells; however these results could not be confirmed 
subsequently. In a similar assay, Herrington et a/. (1987) did not note 
invasion with any of the five strains used. As stated by Herrington et a/. 
(1987), the discrepancy may have been due to the different strains of 
P. shigelloides used and the small sample size assayed in both studies. 
Invasion assays using 16 P. shigelloides isolates, including the type strain, 
and the HEp-2 cell line, did not support an invasive ability (Abbott et a/., 
1991). However, as with Hela cells, this cell line is derived from non-enteric 
cells. As adherence is usually tissue specific or receptor specific, one would 
not expect invasion to occur in cells unless they possess the appropriate 
specific receptor. Thus, more appropriate models are needed. All these 
studies that have attempted to clarify the invasive potential of P. shigel/oides 
have solely relied on light microscopy examination (Abbott eta/., 1991; Olsvik 
eta/., 1990; Herrington eta/., 1987; Binns eta/., 1984; Sanyal eta/., 1980). 
However, the resolution of this technique is not sufficient to determine 
whether invasion has occurred or whether the bacteria have merely adhered 
(see section 4.1). 
Instead of relying solely on the microscopical evidence for confirmation, 
some researchers have investigated the presence of a genetic sequence 
common to the invasiveness plasmids found in Shigella and enteroinvasive 
E. coli. The lack of hybridisation with the 17 and 2.5 kbp DNA probe specific 
for the invasiveness plasmid in the study performed by Herrington et a/. 
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(1987), suggests that the gene/s required for P. shigelloides entry into host 
cells is dissimilar to that identified for Shigella and enteroinvasive E. coli. 
Despite the lack of experimental evidence of invasion, most researchers still 
agree that the presence of blood and mucus in diarrhoeal stools in 
P. shigel/oides intestinal infections is strongly suggestive that the species 
does enter cells. This is justification for further research, where modifications 
are made to create a more valid model for the examination of P. shigelloides 
pathogenesis. 
6.0. Summary 
Very little is known about the pathogenic potential of Plesiomonas 
shigelloides. There certainly is sufficient evidence from clinical observations 
to suggest that the species is responsible for GIT disease. The organism is 
suspected of being toxigenic and invasive, but experimental studies have not 
definitively shown these virulence factors. The mechanism involved in 
P. shigel/oides disease may be similar to other GIT pathogens or may be 
unique to this species. In addition, there is evidence to suggest that there 
may be diverse pathogenic mechanisms among isolates within this species, 
which may account for the diverse spectrum of clinical symptoms observed. 
The lack of definitive data and the controversy surrounding P. shigelloides 
pathogenesis that has been obtained necessitates a basic study of this 
species and its potential for interaction with human enteric cells. 
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ABSTRACT 
This study provides the first definitive evidence that the Gram-negative 
bacterium Plesiomonas shigel/oides adheres to and enters eukaryotic 
intestinal host cells in vitro. P. shigelloides is increasingly regarded as an 
emerging enteric pathogen and has been implicated in intestinal and 
extraintestinal infections in humans. However, the establishment of its true 
role in enteric disease has been hindered by inadequacies in experimental 
design, deficiencies in clinical diagnosis, and lack of an appropriate animal 
model. In this investigation, an in vitro system was used to evaluate 
plesiomonad pathogenesis. Differentiated epithelium-derived Caco-2 cell 
monolayers inoculated apically with 12 isolates of P. shigelloides from clinical 
(intestinal) origins were examined at high resolution using transmission 
electron microscopy. Bacterial cells were observed adhering to intact 
microvilli and to the plasma membrane on both the apical and basal surfaces 
of the monolayer. The bacteria entered the Caco-2 cells and were observed 
enclosed in single and multiple membrane-bound vacuoles within the host 
cell cytoplasm. This observation suggests that initial uptake may occur 
through a phagocytic-like process, as has been documented for many other 
enteropathogens. P. shigelloides also was noted free in the cytosol of Caco-
2 cells, suggesting escape from cytoplasmic vacuoles. Differences in 
invasion phenotypes were revealed, suggesting the possibility that, like 
Escherichia coli, P. shigelloides comprises different pathogenic phenotypes. 
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INTRODUCTION 
Diarrhea is one of the leading causes of morbidity and mortality in 
populations in developing countries and is a substantial health issue 
throughout the world (39). Despite the frequency and the severity of disease, 
mechanisms of pathogenesis for many of the causative agents have been 
poorly characterized. Indeed, new and emerging causative agents continue 
to be identified. Diarrheal diseases most often are caused by gram-negative 
bacteria belonging to the families Enterobacteriaceae and Vibrionaceae (11 ). 
However, a number of notable gram-positive enteropathogens, as well as 
protozoal and viral etiological agents, are of considerable concern (11, 19). 
P/esiomonas shigelloides historically has been considered of little 
enteropathogenic significance due to the lack of clearly demonstrated 
virulence factors such as enterotoxins, cytotoxins, or invasive abilities (2, 6, 
15, 16, 18, 20, 25, 26, 33). However, recent epidemiological evidence has 
strongly implicated P. shigel/oides as a significant cause of diarrheal disease; 
in Japan it is considered to rank third (at 5.6%) as a cause of traveler's 
diarrhea (35). 
The genus P/esiomonas traditionally has been placed within the family 
Vibrionaceae based on phenetic classification (34) and, thus, is considered 
closely related to Vibrio cholerae and Aeromonas spp. Both phylogenetic 
analyses and antigenic profiling, however, indicate a closer relationship with 
members of the family Enterobacteriaceae (31). The genus presently 
consists of a single species, P. shigelloides. It is a gram-negative, non-
endospore forming, rod-shaped bacterium, reported to be motile by virtue two 
to five lophotrichous polar flagella (34). 
P. shigel/oides has been considered an opportunistic pathogen in the 
immunocompromised host and has been isolated from a wide variety of 
sources, including soil, surface water, food, wild and domestic animals and 
diarrheic and asymptomatic humans (5, 7, 8, 9, 16, 21). It is presumed that 
the consumption of or exposure to contaminated water sources or food 
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derived from such sources serve as the prime mechanism for transmission of 
P. shigel/oides diarrheal disease (1, 4, 37). 
The gastrointestinal form of plesiomonad infections in humans has been 
classified into three main groups: a secretory gastroenteritis, a cholera-like 
illness clinically resembling V. cholerae infection, and a diarrheal form 
clinically resembling shigellosis (9). The latter has symptoms which appear 
indicative of an invasive infection yet, to date, there is no conclusive evidence 
that P. shigelloides can invade eukaryotic cells. 
The few published studies investigating the invasive capabilities of 
P. shigel/oides have been inconclusive (2, 6, 15, 25, 33), and recognition of 
this organism as an enteropathogen has been hindered by inadequacies in 
experimental design and the lack of an animal model. Experimental data 
used in an attempt to resolve the pathogenic potential of P. shigelloides have 
relied strongly on light microscopy studies and the use of nongastrointestinal 
cell lines (2, 6, 15, 25, 33). Clearly, there are some deficiencies in this 
approach. The resolution of light microscopy is not sufficient to definitively 
determine whether bacterial cells have invaded or merely have adhered to 
host cell surfaces. Moreover, use of nongastrointestinal cell lines raises 
questions as to the validation of effects in the gastrointestinal tract. 
Additionally, only one of these studies (2) included the type strain, therefore 
compromising interlaboratory standardization. 
Despite the lack of experimental evidence of invasiveness, blood and mucus 
found in diarrheal stools in P. shigelloides intestinal infections are strongly 
suggestive of an invasion process. In order to determine the virulence 
mechanisms of potential enteropathogens such as P. shigelloides, an in vitro 
invasion assay that uses intestinal cells should provide more relevant data 
with respect to enteroinvasiveness than should assays with cell types not 
normally encountered in the intestinal tract. Further examination of well-
characterized P. shigelloides isolates, including the type strain and clinical 
isolates associated with diarrhea, would be a rational approach to determine 
the pathogenic potential of this organism. 
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Given the conflicting data reported by other investigators regarding the 
pathogenic potential of P. shigel/oides and the lack of a suitable animal 
model, we examined the ability of this organism to interact with the human 
colon carcinoma-derived cell line, Caco-2 in vitro. Specifically, we 
investigated morphological changes to host cells during attachment and 
penetration by bacteria and examined ultrastructural features associated with 
bacteria found in the host cell cytoplasm. 
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MATERIALS AND METHODS 
Caco-2 cells. The human epithelial cell line Caco-2 (ATCC HTB37) was 
grown at 37°C in Eagle's minimal essential media (EMEM) (Sigma) with 
nonessential amino acids and supplemented with 20% fetal bovine serum 
(FBS) (Commonwealth Serum Laboratories) in a humidified atmosphere 
containing 5% C02. Confluent differentiated growth was obtained in 25-cm2 
tissue culture flasks (Nunclon) and 21-cm2 petri dishes (Nunclon) as 
required. Caco-2 cells were present at approximately 4 x 106 cells per flask 
or disk at confluence. 
Bacterial isolates. Twelve isolates of P. shigel/oides, including the type 
strain (ATCC 14029), were examined. Table 1 outlines information pertinent 
to isolates. Isolates were stored on a bead recovery system in the culture 
collection of the Microbiology Section, Queensland University of Technology. 
To confirm the identity of each test isolate prior to experimental assays, 
biochemical tests (arginine dihydrolase, lysine decarboxylase, ornithine 
decarboxylase, oxidase and catalase) were performed according to standard 
methods (34). Gram reactions and colony morphologies on inositol brilliant 
green bile salts medium were determined. Additionally, to assess surface 
morphology of P. shigel/oides, bacterial cells were negatively stained (in 
duplicate) with 1% uranyl acetate and examined using a JEOL 1200EX 
transmission electron microscope. 
Bacterial controls used in assays were Escherichia coli (ATCC 25922), 
Listeria monocytogenes (UQM278/88) and Shigella flexneri (NTCC 
9722/CSU70). 
Bacterial adhesion and invasion assays. (i) Light microscopy. Caco-2 
cells were grown to confluence on 13-mm diameter glass coverslips placed in 
21-cm2 petri dishes with 8 ml of EMEM supplemented with 20% FBS. Caco-
2 cell monolayers were inoculated 7 days postconfluence with 12 isolates of 
P. shigel/oides (20!-LI of a suspension 107 cells per ml in nutrient broth). 
Bacterial cells were added to the Caco-2 cells in the form of a medium 
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change with fresh EMEM supplemented with 1% FBS. After incubation at 
37°C in 5% C02, a coverslip was removed for each isolate at time 0 and at 2, 
4, 8, 12, 16 and 24 h postinfection and fixed in 100% methanol for 10 min. 
The cells on the coverslip were stained with Giemsa stain (Sigma) and then 
mounted (cell side down) on microscope slides. Stained coverslips were 
examined by light microscopy using a photomicroscope (Carl Zeiss). 
Representative photographs of bacterial interactions with Caco-2 cells were 
taken with a Jenaval camera using IIford Pan F film. Concurrently, control 
organisms, were used to infect Caco-2 cell monolayers in the same manner 
as that described for P. shigelloides. Uninfected Caco-2 cells were sampled 
at corresponding time, to assess morphological changes occurring over the 
timecourse of the assay. 
(ii) Transmission electron microscopy. Caco-2 cells were grown to 
confluence in 25-cm2 tissue culture flasks, and inoculated 7 days 
postconfluence with 20f.ll of bacterial suspension (1 07 cells per ml in nutrient 
broth) of 12 P. shigel/oides isolates and the control organisms as for light 
microscopy assays. Samples from each isolate (each sample being the 
entire contents of one tissue culture flask) were fixed with 3% glutaraldehyde 
(ProSciTech) fixative (in 0.1 M cacodylate buffer; pH 7.3) at time 0 and at 
times 2, 3, 4, 5, 6, 7, 8, 10 and 12 h postinfection. Samples of uninfected 
Caco-2 cells were taken at corresponding times. After fixation for 1 h at room 
temperature, cells were scraped off tissue culture flasks, washed in buffer, 
postfixed in 1% osmium tetroxide, and embedded in Spurr epoxy resin 
according to standard procedures (29). Ultrathin sections (50 to 100 nm) 
were cut, uranyl acetate and lead citrate stains were applied prior to 
examination and photography with a JEOL 1200EX transmission electron 
microscope. 
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TABLE 1. Details of P. shigelloides isolates used in this study. 
au, unknown serogroup (not tested). 
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Isolate Serova,.a Source (all Supplier Geographical Location 
human) 
ATCC 14029 u Infection American Tl~e Culture Collection Tl~e strain 
0958 017:H2 Feces E. Aldova Croatia 
0967 090:H2 Feces E. Aldova Czech Re~ublic 
0968 035:H11 Feces E. Aldova Czech Re~ublic 
0977 017:H11 Feces E. Aldova Czech Re~ublic 
0981 036:H34 Gallbladder E. Aldova Czech Re~ublic 
Ps12 u Feces J.Janda United States 
Ps13 u Feces J.Janda United States 
Ps18 u Feces J.Janda United States 
Ps22 u Feces M. Tandl Australia 
Ps23 u Feces M. Tandl Australia 
Ps28 u Feces M. Tandy Australia 
RESULTS 
Light microscopy of P. shigelloides-infected Caco-2 cell monolayers. 
Throughout the duration of infection assays (i.e. 24 h), the cellular 
morphology of uninfected Caco-2 cells did not change. Caco-2 cells within 
the confluent monolayers were tightly packed, each with a distinguishable 
nucleus and prominent cytoplasm. The cells had a high nuclear/cytoplasmic 
ratio. 
At 2 h postinfection, differences among the 12 isolates of P. shigelloides 
were noted with respect to bacterial cell distribution relative to host Caco-2 
cells. Host ceii-Piesiomonas interactions were initially of two types: bacterial 
cells interacted in a non-discriminatory fashion and were diffusely distributed 
across the Caco-2 cell monolayer (Fig. 1A) or bacterial cells formed clusters 
which were frequently observed near host cell junctions while central regions 
of Caco-2 cells usually remained relatively free of bacteria (Fig.1 B). By 4 h 
postinfection, clumping of bacterial cells at the periphery of Caco-2 cells and 
especially in the vicinity of host cell junctions became more prominent. This 
pattern was observed with the majority of P. shigelloides isolates examined 
(ATCC 14029, 0967, 0968, 0981, Ps12, Ps13, Ps18 and Ps22). 
At 8 h postinfection, a confluent monolayer of Caco-2 cells was no longer 
seen covering the coverslip; the Caco-2 cell monolayer appeared disrupted, 
with a decrease in the number of cells constituting the monolayer. Individual 
cells, well separated from adjacent cells, were noted with the majority of 
P. shigel/oides isolates examined. The Caco-2 cells that were present had 
condensed nuclei and a shrunken cytoplasm, and often appeared apoptotic. 
However, Caco-2 cells had become highly vacuolated by 8 h postinfection 
with several P. shigel/oides isolates (Ps12, Ps13 and Ps22). High 
concentrations of bacteria were noted at junctions between Caco-2 cells, on 
top of the Caco-2 cell monolayer, and apparently within vacuoles in the 
Caco- 2 cell cytoplasm. Bacterial cells were observed surrounding individual 
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FIG. 1. Light micrographs demonstrating generic interactions of 
P. shigel/oides with Caco-2 cell monolayers. Interactions initially were of two 
types: bacterial cells distributed uniformly across the Caco-2 cell monolayer 
(A) or clumped at host cell junctions (arrowheads) (B). 
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with these isolates of P. shigel/oides caused detachment of Caco-2 cells from 
the monolayer and, ultimately, death of these host cells. 
At 16 to 24 h postinfection, with most P. shigelloides isolates (ATCC 14029, 
0958, 0967, 0968,0977, 0981, Ps12, Ps13, Ps18, Ps22 and Ps23) the Caco-
2 cell monolayer had completely degenerated and detached from the 
coverslip, leaving only bacterial cells. However, some nuclear remnants of 
Caco-2 cells remained in some samples and bacterial cells were heavily 
concentrated around them. 
Bacteria used as controls in this study were noted to interact with Caco-2 
cells, as has been described in previous reports (12, 27). Throughout the 
duration of the infection, S. flexneri (NTCC 9722/CSL/70) showed a 
nondiscriminatory pattern, where the bacterial cells were observed 
uniformlydistributed across the Caco-2 cell monolayer. E. coli (ATCC 25922) 
and L. monocytogenes (UQM278/88) showed a uniform distribution of 
bacteria across the Caco-2 cell monolayer during the early stages of 
infection, but from 4 h postinfection, large groups of bacteria surrounded 
individual Caco-2 cells. By 16 h postinfection on, the Caco-2 cell monolayer 
was disrupted, leaving nuclear remnants of Caco-2 cells with bacterial cells 
heavily concentrated around them. 
Transmission electron microscopy of P. shigelloides isolates. Negative 
staining of P. shigelloides isolates revealed bacteria with variations in cell 
size and flagellar morphology. The sizes of bacterial cells varied within and 
among isolates and ranged from 1.5flm to 8.0flm in length. Flagella were 
present on all of the 12 P. shigel/oides isolates examined. The number of 
flagella per cell ranged from one to seven; the majority of isolates, including 
the type strain, possessed two to five flagella. Fimbriae-like structures were 
not noted on any cells in any of the isolates, nor was a glycocalyx observed. 
Transmission electron microscopy of P. shigelloides-infected Caco-2 
cell monolayers. Apical surfaces of uninfected (negative control) Caco-2 
cells displayed microvilli and, in general, well-defined brush borders (Fig. 2A). 
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FIG. 2. Transmission electron micrographs illustrating the location of 
Plesiomonas shigelloides in relation to polarized Caco-2 cell monolayers. (A) 
Uninfected Caco-2 cells showing epithelial differentiation, with a brush border 
of microvilli (mv) at the apical surface and tight junctions (arrowheads) 
between adjacent cells. lnterdigitations (i), often appearing morphologically 
similar to vacuoles, are seen between cells. (B) Adherent bacterial cells (b) 
in association with both the apical microvilli and the basal plasma membrane. 
(C) Bacteria (b) between adjacent Caco-2 cells. Tight junctions (arrowheads) 
and interdigitations (i) are seen between adjacent Caco-2 cells. (D) 
Numerous bacterial cells are observed within interdigitations between 
adjacent cells. Tight junctions and desmosomes (arrowheads) appear intact. 
Ap, apical surface; Bs, basal surface; m, mitochondria; Nu, nucleus. 
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However, irregularities in distribution and in the shape of microvilli were 
observed. Tight junctions were noted between cells (Fig. 2A), reflecting the 
polarized nature of this cell line. lnterdigitations between adjacent cells were 
observed, but the plasma membranes frequently were well separated, with 
considerable intervening space that often could be mistaken for large 
vacuoles (Fig. 2A). Some mitotic cells and a few necrotic cells were noted in 
all samples. The cellular morphology of uninfected Caco-2 cells remained 
unaltered over the 12 h assay period. 
In the early stages of infection, Caco-2 cells infected apically with 
P. shigel/oides were morphologically indistinguishable from uninfected cells; 
there were also no apparent differences among cells infected with different 
isolates. From 3 h postinfection on, bacteria were intimately attached to both 
the apical and basal Caco-2 cell surfaces (Fig. 28 and 38). When large 
numbers of bacteria were adherent to the cell surface, extensive areas of cell 
cytoplasm, enclosed by plasma membrane but bereft of organelles and 
microvilli, appeared to extrude from some cells (Fig. 3C). Bacterial 
adherence to both the plasma membrane and microvilli was often observed 
in the vicinity of tight junctions (Fig. 28 and 3A). Cells of most isolates of 
P. shigel/oides interacted more with the intact microvilli at the apical surface 
of the Caco-2 cell monolayer than with the basolateral surface. However, in 
contrast, cells of one isolate (Ps12) showed more bacterial cells interacting 
with the basal surface of the monolayer. Notably, isolates 0977 and 0958 did 
not interact with either the basal or apical surface; these were the only 
isolates examined which did not show any close association with the Caco-2 
cell monolayer at this timepoint. 
Fimbriae-like extensions were observed for several isolates (ATCC 14029 
and 0981) in association with both the bacterial cell and the Caco-2 cell 
plasma membrane (Fig. 30). These structures were approximately 500nm in 
length and 5 to 10nm in width. 
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FIG. 3. Transmission electron micrographs illustrating interactions of 
P. shigel/oides with Caco-2 cells. (A) Bacterial cells (b) adhering to microvilli 
(mv) at the apical surface of Caco-2 cells. Tight junctions (arrowheads) 
appear intact. (B) Bacterial cells (b) adhering directly to the apical plasma 
membrane. (C) Bacterial cells (b) adhering to a cytoplasmic protrusion 
(asterisk) devoid of organelles. Tight junctions (arrowheads) appear intact. 
(D) Fimbriae-like extensions (arrows) in association with bacterial cells (b) 
and a Caco-2 cell. (E and F) Pseudopodia-like extensions of the Caco-2 cell 
cytoplasm surrounding bacteria (b). 
b, bacterium; mv, microvilli. 
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At 4 h postinfection, five P. shigelloides isolates (0981, Ps 13, Ps 18, 0967, 
and 0968) were noted in membrane-bound inclusions within Caco-2 cells. 
These membrane-bound vacuoles often were comprised of multiple 
membranes, although single membrane-bound vacuoles also were seen. 
Caco-2 cells containing internalized bacteria usually retained their well-
defined brush border. Bacteria were seen closely apposed to Caco-2 cell 
plasma membranes, both at the apical (microvillus) (Fig. 3B) surface and at 
the basal surface. Pseudopod-like extensions of cellular cytoplasm often 
appeared to be engulfing bacteria (Fig. 3E and 3F); this process occurred at 
both the apical and basal surfaces. Bacteria were noted between Caco-2 
cells in the monolayer, although desmosomes and tight junctions appeared 
intact and plasma membranes of the cells were closely apposed immediately 
adjacent to the bacteria (Fig. 2C and 20). 
Bacteria were observed to have penetrated Caco-2 cells by 6 to 8 h 
postinfection for 10 (ATCC 14029, 0967, 0968, 0977, 0981, Ps12, Ps13, 
Ps18, Ps22 and Ps23) of the 12 isolates of P. shigel/oides examined. Caco-
2 cells containing large numbers of bacteria within their cytoplasm appeared 
necrotic. However, at this time, infected Caco-2 cells generally appeared 
intact and morphologically comparable to those at earlier times. In intact 
cells infected with P. shigelloides, bacteria were present within single and 
multiple membrane bound vacuoles in the cytoplasm (Fig. 4A and 4B). All 
bacterial cultures, with the exception of isolate Ps23, showed no signs of 
degeneration within these vacuoles, appearing morphologically 
indistinguishable from bacteria in original culture. Indeed, profiles of dividing 
bacteria were noted within some vacuoles (Fig. 4B). Conversely, some cells 
of isolate Ps23 found within membrane bound vacuoles appeared 
morphologically altered. Bacteria from several isolates (ATCC 14029, Ps13, 
Ps23 and 0981) also appeared free in the cytosol of some Caco-2 cells, 
apparently devoid of surrounding vacuolar membranes (Fig. 4C). 
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FIG. 4. Transmission electron micrographs of P. shigelloides (type strain) 
within Caco-2 cells. (A) Bacteria (b) within multiple-membrane bound 
vacuole (arrowheads). A bacterial cell also is seen between adjacent cells in 
the interdigital space (i) between adjacent cells. (B) Intracellular bacteria (b) 
within single membrane-bound vacuoles (arrowheads). Note the profile of a 
dividing bacterium (asterisk). (C) Bacterial cell (b) free in Caco-2 cell cytosol, 
devoid of surrounding vacuolar membranes. 
m, mitochondrion; Nu, nucleus. 
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By 12 h postinfection with all isolates of P. shigelloides assayed, Caco-2 cells 
showed ultrastructural changes indicative of cellular degeneration and death. 
Extremely large numbers of bacteria were present in the culture medium. 
This was particularly evident with P. shigel/oides isolates ATCC 14029, 0981, 
0958, 0967, 0968 and Ps18. Entire Caco-2 cell monolayers had lifted from 
the culture flask and were suspended in the culture medium. Cellular 
degeneration also was noted in samples where culture medium was changed 
at 8 h postinfection, to remove most bacteria remaining free in the medium 
and to supply fresh nutrient medium (data not shown). Numerous bacteria 
were present within the degenerated cell cytoplasm and, while many bacteria 
appeared enclosed in membranous structures, the ultrastructural 
preservation was not sufficient to definitively determine this effect. In 
contrast, uninfected Caco-2 cells remained intact at this time and their 
morphology did not change over the 12-h assay period. 
Throughout the time course of infection and with all P. shigelloides isolates 
used in this study, some Caco-2 cells remained uninfected, while others had 
large numbers of internally and externally associated bacteria. A clustering 
effect occurred; Caco-2 cells appeared to be infected by clusters of bacteria, 
rather than an individual bacterium. 
Bacteria used as controls in this study were noted to interact with Caco-2 
cells, as described in previously published work (12, 27, 38). E. coli (ATCC 
25922) did not invade the Caco-2 cells, although some bacterial cells were 
observed adhering to the microvilli and plasma membranes of Caco-2 cells. 
S. flexneri (NTCC 9722/CSU70) was observed at the apical and basal Caco-
2 cell membranes, and small numbers of intracellular bacteria were seen. 
Some separation of adjacent Caco-2 cells was noted. L. monocytogenes 
(UQM278/88) was observed both free in the host cell cytosol and enclosed 
within membrane-bound vesicles; the main portal of entry appeared to be the 
apical surface of the Caco-2 cell monolayer. 
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DISCUSSION 
Despite considerable clinical and epidemiological data implying a role for 
P. shigel/oides in gastrointestinal tract infections, the true pathogenic status 
of this bacterium remains controversial, primarily due to the lack of a suitable 
animal model and conflicting results from published in vitro virulence assays 
exam1mng invasiveness and toxin production. The present study has 
clarified the pathogenic potential of P. shigelloides by focusing on its 
interactions with eukaryotic host cells us and by using a more appropriate in 
vitro model more appropriate than those used in previous studies. 
Our study has conclusively demonstrated that isolates of P. shigel/oides, 
derived from clinical samples and including the type strain (ATCC 14029), 
are capable of adhering to and entering the human colon carcinoma cell line 
Caco-2. We present the first transmission electron microscopic 
documentation of these interactions. The Caco-2 cell line is recognized as 
the best current in vitro model for studying bacterial interactions (such as 
adherence and uptake) with the intestinal epithelium (12, 38). Under 
standard laboratory conditions, this cell line differentiates into well-polarized 
enterocyte-like cells that are covered by apical microvilli and that are joined 
by electron-dense tight junctions morphologically identical to those seen 
between intestinal cells in vivo (30). A number of characteristic enteric 
cellular markers and enzymes are known to be expressed by this cell line 
(30). In accordance with these data, we believe that the Caco-2 cell line is 
eminently suitable for elucidating potential interactions of P. shigelloides with 
enterocytes, particularly in the absence of an animal model. 
Previous studies attempting to ascertain the invasive abilities of 
P. shigelloides have utilized in vitro model systems with cell lines derived 
from nonenteric origins (namely Hela, derived from human cervical 
carcinoma, and HEp-2, derived from human carcinoma of the larynx) (2, 6, 
15, 25, 26). Bacterial adherence is usually tissue specific, and invasion or 
internalization may occur only if host cells possess specific receptors 
mediating such processes (32). These data raise concerns regarding results 
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and conclusions drawn from previous studies, as cell lines chosen were not 
representative of the target cell in vivo. 
For example, Binns et al. (6) reported that 5 of 16 isolates assayed invaded 
HeLa cells by a mechanism comparable to that of Shigella sonnei; Herrington 
et al. (15) did not note invasion with any of five isolates investigated; Olsvik et 
al. (25) reported that 3 of 11 isolates tested initially demonstrated 
invasiveness for HeLa cells, but these results could not be confirmed in a 
duplicate study; Abbott et al. (2) assayed 16 isolates, including the type 
strain, but did not find invasion of the HEp-2 cell line. 
Additionally, previous studies have relied solely on light microscopy for 
evaluation of P. shigel/oides invasion. As light microscopy has low resolving 
power, it is difficult to distinguish between invading or internalized bacterial 
cells and those that merely have adhered to the host cell surface. To 
compensate for this problem, after 90 minutes of exposure to an inoculum of 
P. shigelloides, the non-membrane-permeating antibiotics gentamicin and 
kanamycin have been incorporated into assays (2, 6, 15, 25), as they have 
been used commonly to remove other extracellular bacteria. In conjunction 
with light microscopy, this technique is assumed to allow only the intracellular 
bacteria to be retained and observed. However, such studies are based on 
the assumption that P. shigel/oides will have entered host cells within 90 
minutes after inoculation. In our study, with transmission electron 
microscopy, 5 of 12 clinical isolates of P. shigelloides were not observed 
within the host cell cytoplasm until at least 4 h after inoculation. Therefore, 
previous studies may have not provided sufficient time for P. shigel/oides to 
be internalized prior to the addition of gentamicin or kanamycin. 
Additionally, there is considerable controversy associated with the use of 
gentamicin for the demonstration of bacterial internalization; there is 
substantial evidence that gentamicin may adversely affect intracellular 
bacteria as well as extracellular bacteria (1 0, 24) and thus may not allow a 
valid assessment of events occurring. By using transmission electron 
microscopy, we have eliminated the need to use gentamicin, have achieved 
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high resolution, and thus have provided a more accurate representation of 
P. shigel/oides infection than has been achieved previously. 
In several previous studies (2, 6, 15, 25), analysis of the internalization 
process was assessed using short infection periods, with samples taken over 
a 3-h time course. Our study suggests that internalization may not have 
been completed within this time, as we did not note bacteria within Caco-2 
cells until after four hours postinfection. 
As a preliminary strategy and to gain an overall appreciation of the generic 
interaction of P. shigelloides with Caco-2 cells, light microscopy of Giemsa 
stained preparations was performed in this study. In the early stages of 
infection, light microscopy revealed morphological differences in the 
interactions of isolates with Caco-2 cell monolayers. Some isolates adhered 
preferentially at junctions between Caco-2 cells; in contrast, other isolates 
were uniformly distributed across the monolayer. However, at later time, 
isolates that were initially uniformly distributed across the monolayer became 
associated with regions adjacent to cellular junctions. Transmission electron 
microscopy was adopted to resolve questions of specific interactions and 
intracellular localization. 
Adherence to host cells is a fundamental step in bacterial infection, and many 
enteropathogens possess surface structures, such as fimbriae, flagella or a 
glycocalyx, that facilitate adherence to host epithelial surfaces (32). Flagella 
were noted on all P. shigelloides isolates used in our study, but it is not 
known if these structures have a role in adhesion, as has been suggested for 
Aeromonas spp. (36). A glycocalyx was not detected on any P. shigelloides 
isolates in this study, although there is one report (citing unpublished data) of 
a glycocalyx revealed by transmission electron microscopy (7). 
Fimbriae-like structures were observed associated with P. shigelloides for the 
first time in this study. We speculate that these structures may play a role in 
P. shigel/oides adherence to epithelial cells and that stimuli from host cells 
are required for their expression; they were noted only when bacteria were in 
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close association with host cells and were never resolved in the absence of 
host cells. It has been documented that Salmonella enterica serovar 
Typhimurium requires the presence of host cells to induce formation of 
bacterial surface appendages to facilitate adherence (13). Appendages with 
similar functions maybe induced during interactions of P. shigelloides with 
host cells. 
Adherence of P. shigel/oides was observed at both the apical and basal 
surfaces of Caco-2 cell monolayers in this study. At the apical surface, 
adherence occurred both directly on the plasma membrane and on microvilli. 
There was no apparent destruction of microvillus structure, nor was there 
evidence of attaching and effacing lesions as formed during 
enteropathogenic E. coli (EPEC) adherence (23). 
The Caco-2 cell line, like enteric epithelial cells in vivo, forms a continuous 
monolayer. Cells are connected by highly specialized junction complexes, 
including tight junctions, desmosomes, and interdigitating cytoplasmic 
processes (interdigitations), where the lateral membranes of adjacent cells 
are elaborately interconnected. These structures effectively prevent bacterial 
movement between adjacent cells and, subsequently, to underlying regions 
or tissues. Hence, bacterial cells cannot readily gain access to the basal 
surface of epithelial cells. However, in this study, isolates of P. shigel/oides 
were observed adhering to the basal surface of Caco-2 cell monolayers, and 
bacterial profiles frequently were observed within interdigitations between 
Caco-2 cells. Adherence at the apical surface often was observed near 
cellular junctions. These results suggests that P. shigelloides may travel 
between cells, through the interdigitations, to gain access to the basal 
surface of the Caco-2 cell monolayer. This route has been suggested for 
S. flexneri (22) but has not been documented commonly. Access to deeper 
tissues and capillaries in vivo would allow P. shigel/oides to spread to the 
various extraintestinal sites reported clinically (21). Other enteropathogens 
including, Vibrio cholerae and Clostridium difficile, have been shown to 
produce toxins that disrupt tight junctions (28). However, in this study, tight 
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junctions between adjacent Caco-2 cells appeared morphologically intact 
after infection with P. shigelloides. 
Our study is the first to conclusively demonstrate the ability of P. shigelloides 
to enter and survive in cultured cells of human intestinal origin. The 
presence of profiles of dividing bacteria within Caco-2 cells indicates that 
bacterial replication may occur within host cells. Our data suggests that 
P. shigelloides enters these cells via a phagocytic-like process, as isolates of 
P. shigel/oides were observed within membrane-bound pseudopodial-like 
cytoplasmic extensions and were present within membrane-bound 
cytoplasmic vacuoles. It is important to note that Caco-2 cells, like their in 
vivo enteric cell counterparts, are non-phagocytic; hence, bacterial uptake 
must occur through bacterial signaling mechanisms and manipulation of 
normal host cellular processes. 
In this study, P. shigelloides was observed within single membrane bound 
structures, which may correspond to the initial stage of phagocytic uptake. 
Additionally, bacteria were observed within multiple membrane bound 
vacuoles. The presence of morphologically intact and, occasionally, dividing 
bacterial cells within these vacuoles suggests that P. shigelloides prevents 
completion of the normal phagocytic pathway or is capable of resisting the 
action of lysosomal enzymes. However, further studies are needed to clarify 
this notion and to determine the origins of the vacuolar membranes. 
P. shigel/oides was observed free within the Caco-2 cell cytosol, suggesting 
escape from the intravacuolar compartment. Several other enteropathogenic 
bacteria species, such as S. f/exneri and L. monocytogenes, are known to 
produce hemolysins that partially degrade phagocytic vacuolar membranes, 
allowing bacteria to enter the host cell cytosol (3). P. shigelloides may use a 
similar mechanism to escape from the intravacuolar compartments, as beta-
hemolytic activities have been identified previously for a number of 
P. shigelloides isolates ( 17). 
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Although results of this study must be interpreted cautiously with respect to 
plesiomonad infections of enterocytes in vivo, the in vitro data conclusively 
show that isolates of P. shigelloides interact with cells of enteric origin and 
that such interactions subsequently lead to internalization of the bacteria. 
Differences in initial patterns of association with Caco-2 cells, consequences 
of interactions and the temporal occurrence of internalization events were 
noted in this study, suggesting that there may be different pathogenic 
phenotypes for P. shigel/oides. Such differences have been clearly 
established for other enteropathogens, such as E. coli and Campylobacter 
species (14, 23). Such differences would explain the diverse clinical 
spectrum associated with P. shigel/oides infections (7, 9, 16, 20) and also 
may account for some of the conflicting data from previous experimental 
assays. 
Future research examining the interaction of P. shigelloides and eukaryotic 
host cells should focus on the mechanisms of these interactions, particularly 
with respect to molecular signaling. Knowledge obtained from investigating 
microbe-host cell interactions not only assists in clarifying how different 
pathogens manipulate host cell processes to initiate disease, but also 
enhances understanding of normal and pathogenic host cellular 
mechanisms. 
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CHAPTER4 
Plesiomonas shigel/oides: Interactions with three 
human epithelial cell lines 
Theodoropoulos, C., M. Jones, T. Walsh, D. J. Stenzel. 2003. 
P/esiomonas shigel/oides: Interactions with three human epithelial cell lines. 
Submitted to Infection and Immunity. 
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ABSTRACT 
We show conclusively for the first time that Plesiomonas shigel/oides is able 
to enter the non-intestinal HEp-2 and Hela cell lines. Detailed ultrastructural 
observations suggest a pathway of entry similar to that employed by this 
bacterium when entering cultured intestinal cells. Bacteria were observed 
intracellularly within single and multiple membrane bound vacuoles, as well 
as free in the host cell cytoplasm. The bacteria clearly showed a preference 
for entry into Caco-2 cells compared with HEp-2 and Hela cells. It is 
concluded, therefore, that cell lines derived from the target tissue of bacterial 
pathogenesis are the most representative models of bacterial-host cell 
interactions. Additionally, we confirm that within the species P. shigel/oides 
there are differences in invasion phenotypes, with different prevalences of 
intracellular invasion. 
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INTRODUCTION 
A key element in understanding how a pathogen may cause a disease is the 
examination of interactions of the pathogen with the cells of its host. Many 
aspects of bacterial pathogenesis have been elucidated using in vitro 
cultivated cell lines derived from the host species or related organisms. Cell 
lines provide a simple way to dissect bacterial-cell interactions, so long as the 
cells chosen are representative of the target cell in vivo. Detailed 
ultrastructural studies of such systems provide insights into the mechanisms 
of such interactive processes. 
Hela and HEp-2 are two of the most commonly used cell lines for studying 
experimental enteropathogenic bacterial infections (26, 38, 43). Despite 
being cells of nonenteric origin, these cell lines have played an important role 
in establishing pathogenic mechanisms for most major enteropathogens, 
especially Shigella flexneri (38), Yersinia spp. (26), Escherichia coli, 
Salmonella serovar Typhimurium and other Salmonella serovars (43). In 
addition, these cell lines have been important in clarifying the invasive 
capabilities of emerging pathogens such as Aeromonas spp. (19, 25), 
Edwardsiella (22, 35) and Plesiomonas shigel/oides (1, 7, 20, 34, 40, 46), 
although the mechanisms of uptake for these emerging pathogens have not 
yet been fully established. Since bacterial adherence and entry into host 
cells has been shown to be tissue and cell specific (5), studies of 
enteropathogens using cells of nonenteric origin may produce results that are 
not representative of the events that occur in vivo. 
Plesiomonas shigelloides generally has been dismissed as an 
enteropathogen due to the lack of clearly demonstrated virulence-associated 
properties such as enterotoxins, cytotoxins and invasive abilities in vitro (1, 3, 
7, 20, 21, 23, 29, 34, 36, 40). However, clinical evidence suggests that 
P. shigelloides may be an important pathogen. Infection with P. shigelloides 
has been associated with sporadic cases of diarrhoea (8, 21), as well as a 
number of extra-intestinal complications including sepsis (29, 48, 49), and 
sometimes death (32, 41). Most frequently, P. shigelloides-associated 
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gastroenteritis presents as an acute dysentery-like disease resembling that 
produced by invasive enteropathogens, but alternative symptoms, including 
watery diarrhoea resembling that produced by acknowledged toxigenic 
enteropathogens, also have been reported (8, 29). These indications 
suggest a role for different virulence factors during P. shigelloides infection. 
Most investigations of P. shigel/oides virulence-associated properties have 
used cell lines derived from non-intestinal origins, namely He La (derived from 
a human cervical carcinoma), and HEp-2 (derived from a human larynx 
carcinoma). Hela and HEp-2 cells do not establish confluent polarised 
monolayers and do not show the obvious differentiation of intestinal epithelial 
cells (31), which have an apical surface that is organised as a brush border 
and is separated from the basolateral area by well-established intercellular 
junctions (27). Hence, there is a caution associated with the interpretation of 
these results as representative of in vivo events. 
Recently, it has been demonstrated that P. shigel/oides is able to enter host 
cells of human enteric origin in vitro (46). In that ultrastructural study, several 
clinical isolates of P. shigelloides were shown to adhere to intact microvilli 
and to the plasma membrane of both the apical and basal surfaces of the 
epithelial cell monolayer. Bacteria were observed within the cytoplasm of the 
host cells, enclosed in membrane bound vacuoles as well as in the absence 
of a vacuolar membrane. Although human enteric cells are non-phagocytic, 
it appeared that P. shigelloides entered these cells through mechanism 
resembling phagocytosis (46). These observations indicate that 
P. shigel/oides has the potential to become an intracellular pathogen in the 
intestine of humans, perhaps through influencing the innate uptake process 
of epithelial cells. 
In addition to gastroenteritis, P. shigel/oides has been associated with a 
number of extra-intestinal infections including cholecystitis (9), proctitis (32), 
septicaemia (6, 10, 12, 49) and meningitis (6, 14, 47). The mechanisms by 
which P. shigelloides causes these infections has not been investigated, 
although it is thought that the infection initiates as a gastrointestinal infection, 
118CHAPTER 4 P. shigelloides-entry into non-phagocytic cells 
from where it disseminates to other sites of the body (8, 15). These 
suggestions are compatible with the findings of Theodoropoulos et al. (46), 
who demonstrated the ability of P. shigelloides to penetrate monolayers of 
Caco-2 cells to reach the basal surface of the cells, a process which, if it 
occurs in vivo, represents a possible route for extra-intestinal infection. 
In the present study, we report ultrastructural investigations of the 
interactions of six clinical isolates of P. shigelloides and three different types 
of eukaryotic host cells in vitro. To assess whether P. shigelloides could 
adhere to and enter the non-intestinal cells (Hela and HEp-2), and whether 
there was a preference for a particular host cell type, the number of bacteria 
seen adhering to and residing within the cytosol of each host cell line was 
quantitated and compared for each of the six P. shigel/oides isolates. 
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MATERIALS AND METHODS 
Bacterial isolates. Six isolates of P. shigelloides, including the type strain 
(ATCC 14029T), were used for cell invasion assays. Table 1 outlines 
information pertinent to these isolates. These isolates previously have been 
shown to invade to Caco-2 cells (46). Isolates were stored on a bead 
recovery system in the culture collection of the Microbiological Section, 
Queensland University of Technology. The identity of each isolate was 
confirmed using the standard methods of Schubert (42). Biochemical tests 
(arginine dehydrogenase, orthinine decarboxylase, lysine decarboxylase, 
oxidase and catalase) were performed. Gram reactions and colony 
morphology on inositol brilliant green bile salts medium also were 
determined. Bacterial controls used in the assays were Staphylococcus 
epidermidis (ATCC 12228), Listeria monocytogenes (UQM278/88), and 
Shigella flexneri (NTCC 9722/CSU?O). All bacterial isolates were maintained 
on nutrient agar slants at 4°C and plated onto nutrient agar prior to use. 
Cell Lines. Nonphagocytic eukaryotic cell lines employed in the study were 
the human cervical carcinoma Hela (ATCC CCL-2) and the human larynx 
carcinoma HEp-2 (ATCC CCL-23). As a positive control for bacterial entry, 
human colonic carcinoma Caco-2 cells (ATCC HTB37) were used (46). Cell 
lines were grown at 37°C in a humidified atmosphere containing 5% C02 in 
Eagle's minimal essential medium (EMEM) (Sigma) with nonessential amino 
acids and supplemented with 20% fetal bovine serum (FBS) (Commonwealth 
Serum Laboratories). Confluent, differentiated growth of Caco-2 cells was 
obtained in 25-cm2 tissue culture flasks (Nunclon) as required. Caco-2 cells 
were present at approximately 4.0 x 106 cells per flask at confluence. 
Semiconfluent monolayers of HEp-2 and Hela cells were obtained at 
approximately 3.0 x 106 per flask in 25-cm2 tissue culture flasks. 
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Isolate Serovar<' Source of Isolate Supplier/Geographical 
Location 
ATCC 140291 u Human infection ATCC (Type strain) 
0958 017:H2 Human faeces E .Aidova/Croatia 
0968 035:H11 Human faeces E.Aidova/Croatia 
0981 036:H34 Human gallbladder E.Aidova/Croatia 
Ps12 u Human faeces J. Janda/USA 
Ps18 u Human faeces J. Janda/USA 
TABLE 1. Details of P. shigelloides isolates used in this study. 
au, Unknown serogroup (not tested) 
CHAPTER 4 P. shigelloides-entry into non-phagocytic cells 121 
Bacterial infection of eukaryotic cells. For infection assays, bacteria were 
grown statically overnight in nutrient broth at 37°C. A volume of 20~L of 
bacterial suspension (1 07 cells per ml in nutrient broth) was added to each 
cell line in the form of a medium change with fresh EMEM supplemented with 
1% FBS. In addition, as negative controls, flasks containing monolayers of 
each cell type received a medium change of EMEM + 1% FBS + nutrient 
broth but containing no bacteria. Samples of each isolate, with each cell line 
(each sample being the entire contents of one tissue culture flask) were fixed 
with 3% glutaraldehyde (ProSciTech) fixative (in 0.1 M cacodylate buffer; pH 
7.4) at time 0 and at 2, 3, 4, 5, 6, 7, 8, 9, 10, and 12 h postinoculation. 
Samples of uninfected Caco-2, HEp-2 and Hela cells (negative controls) 
were taken at corresponding times. After fixation for 1 h at room 
temperature, cells were scraped off tissue culture flasks, washed in buffer, 
postfixed in 1% osmium tetroxide, and embedded in Spurr epoxy resin 
according to standard procedures (37). A total of 10 transmission electron 
microscopy (TEM) grids (3mm diameter, 200 mesh) of ultrathin sections (50 
to 1 OOnm thick) were cut from 3 different levels of the cell pellets. Uranyl 
acetate and lead citrate stains were applied prior to examination and 
photography with a JEOL 1200EX transmission electron microscope. 
Evaluation of the extent of infection (% necrotic host cells and number of 
bacterial cells associated with the monolayer) for each cell line and the 
localisation of bacterial cells with respect to host cells was based on a count 
of the number of bacteria observed in approximately 400 host cells from 10 
different TEM grids for each sample. 
Statistical analysis. The data sets were calculated as mean ± standard 
deviation. Statistical significance of values was determined by analysis of 
variance and paired t test. A P value of S0.05 was considered significant. 
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RESULTS 
Morphological characteristics of host cells. Apical surfaces of uninfected 
(negative control) Caco-2 cells displayed microvilli (see Fig. 1A). However, 
irregularities in the distribution and the shape of microvilli were observed. 
Tight junctions, reflecting the polarised nature of this cell line, and 
desmosomes were noted. lnterdigitations between adjacent cells were 
observed, but the plasma membranes frequently were well separated, with 
considerable intervening extracellular space that often could be mistaken for 
large vacuoles (see Fig. 1A). 
Semiconfluent uninfected monolayers of Hela and HEp-2 often displayed 
cells of polygonal shape (see Fig. 1 B and C). Both Hela and HEp-2 cells 
were loosely attached to neighbouring cells through cytoplasmic projections, 
but no junctional complexes were visible. There was no obvious polarity with 
these cells; apical, basal and lateral surfaces were indistinguishable. 
Microvilli were not observed, although cytoplasmic projections were 
distributed over the entire profile of each cell. Hela cells showed 
intracytoplasmic focal aggregates of fibrils (see Fig. 1 C). The cellular 
morphology of each uninfected cell line (Caco-2, Hela and HEp-2) remained 
unaltered over the 12 h period of the assays. 
Plesiomonas shigelloides interactions with three nonphagocytic eukaryotic 
cell lines. Ultrastructural studies of host cells infected with P. shigelloides 
isolates provided information on the events which occurred in the hours 
following the infectious challenge. Each cell line was analysed in detail at 
several times postinoculation; most of the data reported here was gathered 
from 6 to 8 h postinoculation, when most informative alterations were noted. 
The micrographs presented in Fig. 2, 3 and 4 are of interactions observed 
between ATCC 14029 T and human epithelial cells. These data are 
representative of all the P. shigelloides isolates examined in this study. 
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FIG. 1. Morphological characteristics of uninfected human epithelial host cells 
at 12 h postinoculation. (A) intestinal cell line, Caco-2; (B) cervical cell line, 
HeLa; (C) larynx cell line, HEp-2. 
i, interdigitations; m, microvilli; Nu, nucleus. 
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FIG. 2. Transmission electron micrographs illustrating interactions of 
P/esiomonas shigel/oides (ATCC 14029 T) with Caco-2 cells. (A) bacterial 
cells (b) adhering to the microvilli (m) at the apical surface of Caco-2 cells. 
(B) intracellular bacteria (b) within membrane bound vacuole (arrowheads). 
(C) intracellular bacterium (b) within multiple membrane bound vacuole 
(arrowheads). (D) bacterial cells (b) free in the Caco-2 cell cytosol, devoid of 
surrounding vacuolar membranes. 
er, endoplasmic reticulum; Nu, nucleus. 
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FIG. 3. Transmission electron micrographs illustrating interactions of 
P/esiomonas shigel/oides (ATCC 14029T) with HEp-2 cells. (A) bacterium (b) 
adhering to cytoplasmic projections on the apical surface of HEp-2 cells. (B) 
intracellular bacterium (b) within single membrane bound vacuole 
(arrowheads). (C) intracellular bacteria (b) within multiple membrane bound 
vacuole (arrowheads). (D) intracellular bacteria (b) within multiple membrane 
bound vacuoles that are filled with electron opaque material. (E) bacterial 
cells (b) free in the HEp-2 cell cytosol, devoid of surrounding vacuolar 
membranes. 
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FIG. 4. Transmission electron micrographs illustrating interactions of 
P/esiomonas shigel/oides (ATCC 14029 T) with He La cells. (A) bacterial cell 
(b) adhering to cytoplasmic projections on the apical surface of Hela cells. 
(B) intracellular bacterium (b) within single membrane bound vacuole 
(arrowheads). (C) intracellular bacteria (b) within multiple membrane bound 
vacuole (arrowheads). (D) intracellular bacteria (b) within multiple membrane 
bound vacuoles that are filled with electron opaque material. (E) bacterial cell 
(b) free in the Hela cell cytosol, devoid of surrounding vacuolar membranes. 
Nu, nucleus. 
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For all bacterial isolates, early time points (up to 6 h postinoculation) showed 
minimal morphologically detectable host cell damage, and had very few 
bacterial cells per host cell. In contrast, at 8 h postinoculation, almost 
complete destruction of the host cell monolayer was noted for most isolates 
(Fig. 5). In order to examine the cellular events that occur following obvious 
bacterial interaction, but prior to major alterations due to host cell death, full 
statistical analysis was restricted to observations at 7 h postinoculation. In 
this study, no distinction was made between bacterial cells adhering to or 
within morphologically intact host cells and those host cells undergoing cell 
death. 
Examination at 6 h postinoculation showed bacterial profiles associated with 
the surface of Caco-2, Hela and HEp-2 cells. Most of the bacteria in each 
sample were observed at the microvillus surfaces (Caco-2 cells) (Fig. 2A) or 
adhering to the plasma membrane of all host cell lines, with areas of lose 
apposition between the bacterial surface and the host cell surface (Fig. 3A 
and 4A). 
Four P. shigelloides isolates (0958, 0968, Ps12 and Ps 18) had significantly 
higher numbers of bacteria adhering to the intestinal cell line (Caco-2) than to 
either of the non-intestinal cell lines (Table 2). Bacterial adherence to non-
intestinal (HEp-2) cells was highest for isolate 0981, a clinical isolate from the 
gall bladder of a cholecystitis patient. ATCC 14029 T showed no statistical 
difference in the number of adhered bacteria than for any of the three cell 
lines examined. 
A significant observation was that all 6 isolates (ATCC 14029T, 0981, 0958, 
0968, Ps12 and Ps18) of P. shigelloides studied were able to enter each host 
cell type (Caco-2, Hela and HEp-2 cells). Host cell infections with 4 of the 6 
P. shigel/oides isolates demonstrated higher numbers of intracellular bacteria 
within Caco-2 cells than within non-intestinal cells at 7 h postinoculation (see 
Table 3). However, this trend was not statistically significant. In addition, the 
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FIG. 5. Percentage of necrotic host cells present in each host cell monolayer 
per time postinoculation. The percentage of necrotic host cells was 
determined by the number of host cells undergoing necrosis with respect to 
the number of host cells examined (approximately 400) from 10 different 
TEM grids for each sample. 
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TABLE 2. Quantitation of adhesion of P. shigelloides isolates to non-intestinal 
(Hela and HEp-2) and intestinal (Caco-2) cell lines at 7 h postinoculation. 
Adhesion efficiency was expressed as a percentage of adherent bacteria 
observed compared to the total number of bacterial cells observed in the 10 
TEM grids examined for each sample. Approximately 400 host cells were 
examined 
* represents statistically significant results at 95% confidence interval. 
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Host Cell Type 
Isolate Caco-2 Hela HEp-2 P-value 
ATCC 14029T 17.3±20.1 22.4 ± 19.3 24.0 ± 21.0 0.475 
0981 42.0 ± 7.4 57.4 ± 20.5 64.4 ± 40.0 0.098 
0958 54.5 ± 38.5 25.9 ± 8.2 23.5 ±1 0.4 0.011 * 
0968 43.0 ± 14.3 27.8±11.8 34.84 ± 11.0 0.042* 
Ps 12 58.1 ± 28.6 15.9 ± 15.5 20.4 ± 19.6 <0.005* 
Ps 18 42.0 ± 21.8 18.3 ± 9.2 17.5 ± 8.2 0.004* 
Host Cell Type 
Isolate Caco-2 Hela HEp-2 P-value 
ATCC 14029T 15.8 ± 19.8 5.3 ± 11.7 6.4 ± 9.8 0.165 
0981 6.5 ± 7.4 2.9±6.9 2.5±7.9 0.255 
0958 10.9 ± 25.0 4.4 ± 4.3 5.7 ± 10.2 0.486 
0968 2.1 ± 6.7 2.9 ± 3.4 2.6 ± 4.1 0.937 
Ps 12 7.5 ± 13.8 2.8 ±8.9 6.0 ± 13.5 0.685 
Ps 18 9 ± 12.5 15.6±11.7 18.2 ± 14.8 0.152 
TABLE 3. Quantitation of intracellular bacteria within intestinal (Caco-2) and 
non-intestinal (Hela and HEp-2) cells at 7 h postinoculation. 
Invasion efficiency was expressed as a percentage of intracellular bacteria 
observed compared to the total number of bacterial cells observed in the 1 0 
TEM grids examined for each sample. Approximately 400 host cells were 
examined. 
* represents statistically significant results at 95% confidence interval. 
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type strain (ATCC 14029 T) produced the greatest percentage of intracellular 
bacteria in Caco-2 cells, in comparison to all other isolates infecting this cell 
line. 
In the early phases of infection (6 h postinoculation), morphologically intact 
bacterial profiles were observed inside single-membrane vacuoles within all 
cell lines examined (see Fig. 28, 38 and 48). Occasionally, bacterial profiles 
enclosed in vacuoles displayed the appearance of being degraded, 
suggesting that the host cells were capable of bactericidal activity in the 
vacuolar compartment (see Fig. 30 and 40). An electron opaque material, 
suggestive of lysosomal material, often filled the vacuolar space. 
At later timepoints (8 h postinoculation), bacterial profiles often were 
observed in the host cell cytoplasm, devoid of a surrounding vacuolar 
membrane (Fig. 20, 3E and 4E). These bacterial cells frequently were within 
host cells undergoing necrosis (Fig. 6A), although some were noted in 
morphologically intact host cells. Less frequently, bacterial profiles were 
observed in vacuoles that possessed at least two surrounding membranes 
(Fig. 2C, 3C and 4C). Bacterial profiles in vacuoles that had two surrounding 
membranes were the most frequently observed morphological form of 
multiple membrane bound vacuoles, although vacuoles that possessed 3 to 5 
membranes also were observed. 
There was an increased number of host cells showing morphological 
changes indicative of cell death by necrosis as the infection progressed from 
6 h postinoculation to 8 h postinoculation, for all the isolates examined (Fig. 
5). This process was characterised by chromatin margination in the nucleus, 
cellular organelles such as mitochondria appeared swollen and dilated, and 
vesiculated rough endoplasmic reticulum containing a medium density 
material (see Fig. 6A, B, and C). Furthermore, other morphological signs of 
degeneration of each host cell line also were observed, including vacuolation 
(see Fig. 60) and apoptosis (see Fig. 6E and F). 
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FIG. 6. Transmission electron micrographs demonstrating characteristic 
features of host cell death in Plesiomonas shigel/oides (type strain ATCC 
14029)-infected human epithelial cells. (A) bacteria adhering to and within a 
necrotic Caco-2 cell. Dilated endoplasmic reticulum (indicated by 
arrowheads) can be noted. (B) bacteria adhering to Caco-2 cells that are in 
the early stages of necrosis. Morphologically intact mitochondria can be 
seen, but dilated endoplasmic reticulum is present (indicated by arrowheads). 
(C) dilated and vesiculation of endoplasmic reticulum (indicated by 
arrowheads) in a Caco-2 cell. (D) irregular shape and size of vacuoles in the 
cytoplasm of a Caco-2 cell. Often material filled these vacuoles. Caco-2 cell 
(E) and Hela cell (F) undergoing apoptosis. 
b, bacterium; Nu, nucleus. 
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The percentage of necrotic host cells remaining within the monolayer at 6, 7 
and 8 h postinoculation with P. shigel/oides ranged from 4 to 100% (Fig. 5). 
It was noted that Caco-2 cells showed the least necrosis in all instances, with 
the single exception of Ps12 at 6 h postinoculation. Less than 2% of necrosis 
was observed in all uninfected cell lines over this period. 
The interactions of bacteria with host cells are summarised in Table 4. 
Plesiomonas shigelloides isolates ATCC 14029T, 0981 and Ps 12 interacted 
with the intestinal cell line (Caco-2) at a higher density than with the non-
intestinal cell lines (Hela and HEp-2). There was no significant difference in 
the percentage of bacteria interacting with the three mammalian cell types for 
isolate Ps 18, whereas for isolates 0958 and 0968 greater numbers of 
bacteria per host cell were observed to interact with the non-intestinal cell 
lines, in comparison to Caco-2 cells. 
It was noted that isolate Ps 12 showed the highest number of necrotic host 
cells in the non-intestinal cell line cultures (Hela and HEp-2), yet was 
observed to yield the lowest number of bacteria interacting per host cell 
(Table 4 and Fig. 5). 
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Host Cell Type 
Isolate Caco-2 He La HEp-2 
ATCC 14029T 22.5 ± 15.5 12.4 ± 10.6 10.6 ± 11.3 
0981 67.2 ± 30.2 16.5 ± 11.0 16.0 ± 17.0 
0958 15.6±8.7 28.1 ± 18.5 23.5 ± 12.4 
0968 12.8 ± 7.9 27.0 ± 12.1 23.3 ± 9.1 
Ps 12 44.7 ± 29.2 4.3 ± 4.45 3.3 ± 3.1 
Ps18 30.6 ± 17.6 27.5 ± 19.6 25.2 ± 22.0 
TABLE 4. Percentage of P. shigelloides isolates interacting (adhering and 
intracellular) per host cell at 7 h postinoculation. Percentages were 
determined from counts of bacteria adhering and interacting with host cells in 
comparison with total bacteria observed following examination of 
approximately 400 host cells from 10 TEM grids per sample. 
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DISCUSSION 
In this study, we report an ultrastructural investigation of the interactions 
between P. shigelloides and host cells derived from non-intestinal origins. In 
a previous ultrastructural study investigating the interactions between 
P. shigel/oides and human intestinal cells, we showed that P. shigelloides 
has the ability to invade these cells in vitro. In the clinical arena, 
P. shigel/oides has been implicated in a number of extra-intestinal infections 
in addition to gastrointestinal tract infections; however its role in these 
infections is poorly understood. The present study has clarified the 
pathogenic potential of P. shigelloides with cells of non-intestinal origin, and 
has provided evidence to support its involvement in extra-intestinal infections. 
Hela and HEp-2 cells have been used extensively as in vitro cell models to 
examine the invasive capabilities of significant and emerging 
enteropathogens including P. shigel/oides (1, 7, 17, 19, 20, 24, 21, 25, 36, 
39, 40, 44, 50). Previous studies examined P. shigel/oides-infected host cells 
using light microscopy (1, 7, 20, 34, 40): due to the low resolving power of 
light microscopy, difficulties arise when determining whether bacteria have 
entered host cells or merely have adhered to cell surfaces. To overcome this 
problem, researchers (1, 7, 17, 19, 20, 24, 21, 25, 36, 39, 40, 44, 50) 
developed assays where antibiotics are added to the culture after a given 
amount of time postinoculation. These antibiotics are assumed not to 
penetrate mammalian cells, but will kill any extracellular bacteria and, hence, 
it is postulated that only intracellular bacteria are observed by light 
microscopy of antibiotic-treated cells. 
However, problems associated with this experimental approach have been 
highlighted in the literature. For example, the time when gentamicin is added 
after initiation of a bacterial infection is imperative in the establishment of 
whether a pathogen is invasive. Previous light microscopy studies (1, 7, 20, 
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time considerably longer than the duration of previous assays. This finding 
highlights the need for care in timing the treatment with gentamicin, and 
sufficient time for bacterial adherence and internalisation has not always 
been made. Additionally, there is strong evidence to suggest that gentamicin 
penetrates membranes or is incorporated into cells via uptake mechanisms 
(13, 33) and therefore may eliminate intracellular bacteria as well as 
extracellular bacteria. 
This study is the first to use transmission electron microscopy to assess the 
ability of P. shigel/oides to adhere to and enter human non-intestinal 
epithelial cells. We have been able to determine the ability of P. shigel/oides 
isolates to enter into each of three epithelial cell lines (Caco-2, HeLa and 
HEp-2), and to distinguish this from adherence to host cell surfaces. This 
approach also has allowed us to demonstrate that P. shigelloides can adhere 
more specifically to intestinally-derived host cells than to non-intestinal host 
cells. This finding supports our previous suggestion (46) that cells derived 
from the primary site of P. shigel/oides infections provide the best model to 
study pathogenic events. In addition, the demonstration of a more specific 
adherence to intestinal cells than to non-intestinal cells suggests that 
P. shigel/oides potentially may bind to a specific receptor expressed on the 
intestinal epithelial cells. To date, a potential receptor for P. shigelloides 
adherence has not been proposed. The finding that P. shigelloides can bind 
also to non-intestinal epithelial cells suggests that other mechanisms may be 
involved in P. shigel/oides adherence, indicating that P. shigelloides 
pathogenesis may be multifactorial in nature. 
This study provides the first definitive evidence that P. shigel/oides enters 
HeLa and HEp-2 cells. Like Caco-2 cells, HeLa and HEp-2 cells are 
nonphagocytic epithelial cells, and normally would not permit the entry of 
bacterial cells. Observation of bacterial cells confined in vacuoles 
surrounded by a single membrane within non-intestinal cell cytosol suggests 
that initial uptake may be a result of a phagocytic-like process. As 
demonstrated here in this study, P. shigel/oides enters these cell lines 
through a process morphologically comparable to that seen for the invasion 
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of many enteropathogens. For many of these enteropathogens, such host 
cell uptake has been found to be through bacterial signalling mechanisms 
and subversion of normal host cell processes (16). However, the molecular 
signalling mechanisms involved in P. shigelloides pathogenesis have yet to 
be defined. 
In accordance with our previous study of P. shigelloides infected Caco-2 cells 
(46), P. shigel/oides also was observed free within the cytosol of HEp-2 and 
Hela cells in this study. As hypothesised in that study, P. shigel/oides may 
escape from the intravacuolar compartment via a mechanism which is similar 
to several other enteropathogenic species, such as Shigella flexneri and 
Listeria monocytogenes which produce hemolysins that partially degrade 
phagocytic vacuolar membranes (4). A haemolysin has been cloned from 
P. shigelloides, but the protein has not been functionally characterised (11, 
22). 
Combined with our previous research (46), this study has provided evidence 
compatible with the hypothesis that extra-intestinal infections caused by 
P. shigelloides may result from an initial gastrointestinal infection. In these 
studies we have shown P. shigelloides within interdigitations and at basal 
locations, which would be consistent with in vivo events of gaining access to 
basal tissues and blood supply. In addition we have shown that 
P. shigelloides has the potential to initiate infections in cells derived from 
other sites of the body, and provided models that may be useful for studying 
the pathogenesis of these extra-intestinal infections. 
Our results indicate that P. shigelfoides do not adhere homogenously across 
the host cell monolayer. This phenomenon was first noted in our previous 
study (46), where P. shigel/oides cells were observed in microcolonies 
scattered across the monolayer when examined by light microscopy. In 
addition, we often observed that some Caco-2 cells remained uninfected, 
while other adjacent cells had large numbers of internally and externally 
associated bacteria (46). This may be a result of bacterial replication, and 
with improving insights into quorum sensing, it should be considered that 
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P. shigelloides aggregations may be the result of such a phenomenon. 
Indeed, additional evidence of bacterial clumping at the periphery of host 
cells in vitro and especially in the vicinity of host cellular junctions (46) 
substantiates this hypothesis, and warrants further investigation. This 
variable distribution of bacteria on/in individual host cells resulted in large 
standard deviations and, consequently, contributes to a lack of statistically 
significance in some of our assays. 
In this study, we were able to identify several groupings of P. shigelloides 
with respect to the types of interactions with the host cell. For example, 
some isolates (ATCC 14029 and 0981) showed no preference for any host 
cell line for adherence, yet showed a trend for increased intracellular bacteria 
within intestinal cells compared with non-intestinal cells. Perhaps these 
isolates can adhere to receptors located on all epithelial cells, but require a 
specific receptor (principally found in intestinal cells) for internalisation. Other 
isolates (0958 and Ps12) adhered more specifically to intestinal cells (54.5 ± 
38.5 and 58.1 ± 28.6 respectively; P<0.05) and had the greatest proportion of 
internalised cells in intestinal cells. Others (0968 and Ps18) showed a 
specificity of adherence to the intestinal cell line (43.0 ± 14.3 and 42.0 ± 21.8 
respectively; P<0.05), but did not appear to enter the host cells as efficiently, 
since only low numbers of intracellular bacteria were observed. However, it 
should be considered that these bacterial cells may be transient in the 
intracellular environment. Differences in the localisation of bacteria with 
respect to the host, as well as the variations in the amount of host cell death, 
are compatible with our initial suggestion (46) that there may be different 
pathogenic phenotypes for P. shigelloides. Certainly, these differences could 
explain the diverse clinical spectrum associated with P. shigelloides 
infections (8), and may also account for some of the conflicting data in 
previous reports. 
This study has provided supporting evidence that suggests an array of 
factors which may cause host cell damage during P. shigel/oides infection. 
For each P. shigelloides-infected cell line, a high proportion of host cell death 
occurred as a result of P. shigel/oides infection, since uninfected host cells 
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showed little morphological evidence of cell death over the 12 hour infection 
period. Possible causes of host cell death observed in this study include host 
cell death as a result of the bacterial invasion process, where the host cell 
may undergo cell death due to factors induced by the bacteria or initiated by 
the host cell in an attempt to restrict the infection. In addition, extracellular 
factors (uncharacterised toxins) also may have a contributory effect, since for 
some P. shigel/oides isolates, almost all of the host cells within the 
monolayer were necrotic, yet very few bacterial cells were observed adherent 
and/or internalised per host cell. 
Observations of dilated endoplasmic reticulum, which often occurs as a result 
of defects in the egress of secretory material (18) supports the proposal that 
a toxin may be involved in P. shigelloides infections. Previous research 
investigating the involvement of a toxin in P. shigelloides infections has been 
inconclusive, despite the ongoing clinical evidence of a disease spectrum 
that is reminiscent of certain Vibrio species (8, 30). Interestingly, another 
related gastrointestinal pathogen, Aeromonas hydrophila, secretes a pore-
forming toxin, aerolysin, which causes dramatic vacuolation of the 
endoplasmic reticulum in the early stage of Aeromonas infection (2). 
P/esiomonas shigel/oides has been shown to produce a hemolysin (11, 22), a 
protein closely related to the Aeromonas aerolysin. To date, the function of 
this protein has not been characterised, and this warrants further 
investigation. 
Demonstration of P. shigelloides adhering to and entering non-intestinal cells 
has provided data on the mechanisms of uptake; this information can be 
used in comparison with other intestinal pathogens. We have provided 
substantial evidence to suggest that P. shigelloides has the potential to 
cause infection and disease at extra-intestinal sites, by demonstrating in vitro 
invasion of the non-intestinally derived cell lines Hela and HEp-2. 
Furthermore, infected cultures of Hela and HEp-2 cells also were 
established as a useful tool for studying the pathogenesis of P. shigelloides 
extra-intestinal infections. 
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The present work describes the first detailed ultrastructural analysis of the 
interactions between P. shigelloides and non-intestinal host cells and 
underlines the need to relate studies of enteropathogenic invasion to cell 
types of the likely first contact. This study conclusively showed for the first 
time that P. shigel/oides is able to enter HEp-2 and Hela cells, 
demonstrating the potential ability to cause an infection and/or disease in 
extra-intestinal sites in humans. 
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Abstract 
In this study, we have demonstrated that P/esiomonas shigelloides 
adherence to cultured human intestinal cells is mediated by filamentous 
appendages. Ultrastructural analysis by transmission and scanning electron 
microscopy revealed filamentous structures bridging the space between 
adhering bacteria and the human intestinal epithelial cell line, Caco-2. A 
range of filamentous appendages, including flagella and fimbriae, appear to 
be involved in P. shigelloides adherence and these structures were 
associated with both bacterium-host cell interactions and bacterium-
bacterium interactions. In addition, the formation of filamentous appendages 
appeared to be dependant on the presence of host cells, as bacteria cultured 
without the presence of host cells did not express these appendages. 
Keywords: adherence/Piesiomonas shigelloidesl filamentous appendages 
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1. Introduction 
P/esiomonas shigelloides is a widespread environmental aquatic 
microorganism that has become an important opportunistic pathogen 
associated with gastrointestinal infections of humans and other animals [1, 
2]. Plesiomonas shigelloides also has been implicated in life-threatening 
extraintestinal infections, such as septicemia and meningitis, in 
immunocompromised individuals [1, 3, 4]. However, very little is known 
about the pathogenic mechanisms involved in these diseases. 
Microbial adhesion to cells is of particular importance in such 
anatomical sites as the gastrointestinal tract where gut peristalsis and the 
concomitant passage of cell secretions and luminal contents may dislodge 
bacteria from their intestinal habitats. Attachment to host surfaces by 
bacteria usually is correlated with virulence for that species [5]. Colonisation 
of such host surfaces by many enteropathogenic bacteria is frequently 
mediated by adhesions structures such as fimbriae (or pili), or flagella [6, 7]. 
Type IV pilus adhesins appear to be essential for the colonisation of the 
intestine by many enteropathogens, such as Vibrio cholerae, Aeromonas 
species, enteropathogenic Escherichia coli and enterotoxigenic Escherichia 
coli [6, 7]. While the expression of flagella for some bacterial species does 
not clearly relate to pathogenesis, for a variety of bacterial pathogens such 
as Escherichia coli and Pseudomonas aeruginosa, flagella have been shown 
to participate in adherence and invasion [8]. 
Recently, we have shown that P. shigel/oides is capable of invading 
human cells and thus has the potential to cause human intestinal diseases. 
By using a human intestinal epithelial cell line (Caco-2), we demonstrated 
that P. shigelloides can adhere to and enter enterocytic-like cells in vitro [9]. 
The mechanism of P. shigel/oides uptake appeared morphologically similar to 
that of other enteropathogens which show similar clinical presentations to 
P. shigelloides-associated infections. However, the mechanisms involved in 
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the initial interactions between P. shigelloides and host cells have not been 
clearly defined. 
In this study, we have further investigated the events occurring during 
the initial interaction between P. shigelloides and human intestinal Caco-2 
cells, in order to identify any adhesive mechanism involved in P. shigelloides 
pathogenesis. By performing ultrastructural studies by transmission and 
scanning electron microscopy of P. shigelloides grown in different media and 
on different surfaces, including host cell monolayers, we provide detailed 
information on P. shigelloides adherence mechanisms. These studies 
revealed structures resembling flagella and fimbriae, suggesting that these 
structures may be important for the adherence phenomenon. 
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2. Materials and Methods 
2.1. Bacterial isolates. Bacterial isolates (ATCC 14029T and 0981}, 
originally obtained from clinical cases of gastroenteritis, were used in this 
study. Isolate 0981 was obtained from a patient's gallbladder and has been 
investigated extensively in our laboratory. Plesiomonas shigelloides ATCC 
14029 is a reference strain also used in our studies. Isolates were stored on 
a bead recovery system in the culture collection of the Queensland University 
ofT echnology. 
2.2. Caco-2 cells. The human epithelial cell line Caco-2 (ATCC 
HTB37) was grown at 37 °C in Eagle's minimal essential medium (EMEM) 
(Sigma) with nonessential amino acids and supplemented with 20% fetal 
bovine serum (FBS) (Commonwealth Serum Laboratories) in a humidified 
atmosphere containing 5% C02. Confluent differentiated growth was 
obtained in 25-cm2 tissue culture flasks (Nunclon) and 21-cm2 petri dishes 
(Nunclon) as required. Caco-2 cells were present at approximately 4.0 x 106 
cells per flask at confluence. 
2.3. Bacterial adhesion and invasion assays. 
2.3.1. Transmission electron microscopy. Caco-2 cells were grown 
to confluence in 25 cm2 tissue culture flasks and inoculated with 20 !JL of 
bacterial suspensions (1 07 cfu/ml in nutrient broth) of 2 P. shigelloides 
isolates. Samples for each isolate (each sample being the entire contents of 
one tissue culture flask) were fixed with 3% glutaraldehyde (ProSciTech) 
fixative (in 0.1 M cacodylate buffer; pH 7 .3) at time 0 and then hourly to 12 h 
postinfection. After fixation for 1 h at room temperature, cells were scraped 
off tissue culture flasks, washed in buffer, postfixed in 1% osmium tetroxide, 
and embedded in Spurr epoxy resin according to standard procedures [1 0]. 
Ultrathin sections (50 to 100 nm) were cut, and uranyl acetate and lead 
citrate stains were applied prior to examination and photography with a JEOL 
1200EX transmission electron microscope operating at 80 kV. 
Chapter 5 Plesiomonas shige/Joides adherence to Caco-2 cells 156 
We analysed the presence of surface appendages, including flagella 
and fimbriae, by negative staining and transmission electron microscopy. 
Bacteria grown in several types of media including trypticase soy broth and 
agar, and EMEM supplement with 1% FBS (in the presence and absence of 
host cells) were placed onto celloidin-coated copper TEM grids and 
subjected to negative staining with 1% aqueous uranyl acetate for 30 s. 
Stained grids were examined and photographed with a JEOL 1200EX 
transmission electron microscope operating at 80 kV. 
2.3.2. Scanning electron microscopy. Bacteria adhering to cell 
monolayers seeded on glass coverslips, and bacteria growing on sterile glass 
coverslips (ie. in the absence of host cells) were fixed, as for TEM. Samples 
were dehydrated through a graded alcohol solutions prior to critical point 
drying. Coverslips were mounted on stubs, coated with gold, and examined 
in a JEOL 35F scanning electron microscope, operating at 15 kV. For 
observation of specimens at high magnification, field emission scanning 
electron microscopy (FESEM) was performed at the Centre for Microscopy 
and Microanalysis, University of Queensland using a JEOL 6400F operating 
at 30 kV. 
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3. Results 
3.1. Ultrastructural analysis of cellular adhesion. Transmission 
electron microscopy of samples fixed at 6 h after inoculation showed 
bacterial cells adhering to the microvilli, as well as to the plasma membrane, 
of the Caco-2 cells. Frequently, a small intercellular space was observed 
between adherent bacteria and Caco-2 cells. Filamentous structures were 
visible bridging this gap or were seen, in part, in the plane of the ultrathin 
section (Fig. A and B). These structures appeared to link bacteria to each 
other as well as to the host cell surface (Fig. 1A), but was not revealed to see 
in every plane of sectioning. In addition, intracellular bacteria enclosed within 
vacuoles surrounded by a single membrane had filamentous structures 
connecting the intravacuolar bacteria to the vacuolar membrane (see Fig. 
1C). 
Scanning electron microscopy was used to visualise the interactions 
between isolates of P. shigelloides and the apical surface of polarised Caco-
2 cell monolayers. Caco-2 cells grown to confluence on glass coverslips 
produced a well-defined brush border with microvilli at their apical surface 
(see Fig. 2A). Bacterial cells appeared in small microcolonies across the 
Caco-2 cell monolayer, often associated with cell junctions (Fig. 2B). 
Filamentous structures were observed between adjacent bacteria 
within these microcolonies. Thick (approximately 40 nm) intertwined flagella-
like filaments were observed protruding from the bacteria, and extending 
several microns from the bacterial surface (Fig. 2C). These structures are 
consistent with anchoring devices, since they were observed twisted around 
microvilli as well as attached directly to the plasma membrane. 
Observation of P. shigel/oides-infected Caco-2 cells with Field 
Emission SEM revealed that some adherent bacteria possessed numerous 
prominent surface features which were variable in morphology. These 
surface appendages ranged from small surface bumps which were 30 nm in 
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Fig. 1. Transmission electron micrographs of P. shigelloides (ATCC 14029 T) 
adhering to Caco-2 cells. (A and B) Filaments extending into the gap 
between the organism and the host cell membrane are indicated by 
arrowheads. Fimbriae also are present between bacterial cells and are 
indicated by arrowheads. (C) When bacteria are within vacuolar 
compartments in the host cell cytoplasm, fimbriae are seen bridging the gap 
between bacterial cells and vacuolar membrane (arrowheads). 
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Fig. 2. Scanning electron micrographs of Caco-2 cells infected apically with 
P. shigel/oides (ATCC 14029r). (A) uninfected monolayer with well-defined 
brush borders. (B) microcolony of P. shigel/oides. Note the extensive 
network of filamentous appendages around bacteria. (C). P. shigel/oides 
adhering to apical surface of Caco-2 cells by use of filamentous appendages. 
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diameter and up to 60 nm in length to longer appendages of 10 nm diameter 
and up to 300 nm in length (Fig. 3). The short filamentous appendages 
(Figure 3A) appeared to cover the entire surface of the bacterial cells and 
were morphologically comparable to those described for Salmonella 
typhimurium [11, 12]. Longer filaments often were observed bridging the 
intercellular space between adherent bacterial cells and the host cell surface 
(Fig. 38). The structures observed were morphologically identical to 
filamentous appendages described for Aeromonas species [13]. 
Bacteria that were cultured on to sterile glass coverslips in the 
absence of host cells revealed variations in cell size and flagellum 
morphology, and reported morphologies by Inoue et al. [14]. There were no 
observations of fimbrial-like structures present on any of the P. shigel/oides 
isolates examined in this study. 
3.2 Characteristics of P. shigelloides surface appendages. There 
was no apparent morphological difference for the growth of the bacteria on 
agar versus liquid media. Analysis by electron microscopy demonstrated that 
while some organisms had only one polar flagellum, others had several 
flagellar structures. The flagellar morphology for ATCC 14029 and isolate 
0981 was characteristic of that described by Inoue et al. [14]. There were no 
observations of fimbrial-like structures for either of the bacterial isolates 
examined when grown in either a broth or agar medium. Fimbriae-like 
structures also were not noted on any of the isolates examined when grown 
in cell culture media but in the absence of host cells (Fig. 4A). Conversely, 
some bacteria, when grown in the presence of Caco-2 cells, had thin 
filamentous structures extending from the bacterial cell surface (Fig. 48). 
161 Chapter 5 Plesiomonas shigelloides adherence to Caco-2 cells 

Fig. 3. High-resolution field emission SEM of P. shigelloides (ATCC 14029T) 
adhering to Caco-2 cells. (A) P. shigelloides with small bumps distributed 
across the surface. (B) A high magnification of P. shigelloides cell showing 
short filamentous appendages. 
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Fig. 4. Transmission electron micrographs of negatively stained 
P. shigelloides. (A) ATCC 14029 T grown overnight in the absence of host 
cells). (B) supernatant sample of ATCC 14029T -infected Caco-2 cells at 6 
hours postinfection showing fimbriae extending from the bacterial cell 
membrane. 
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4. Discussion 
High resolution examination of adherence of P/esiomonas shigelloides 
to intestinal epithelial (Caco-2) cells in vitro was performed in this study. 
Using a variety of electron microscopy techniques, this study is the first to 
demonstrate the detailed nature of P. shigelloides adherence. In this study, 
we established that P. shigel/oides, when adhering to epithelial cells, 
expresses filamentous heterogeneous structures that include short 
filamentous appendages, fimbrial-like filaments and flagella. 
Fimbriae have been described as mediators of adherence to mucosal 
surfaces during initial stages of pathogenesis or several families of gram-
negative bacteria [5]. In this study, TEM and FESEM analyses of 
P. shigelloides demonstrated filamentous appendages for the first time. 
These filamentous structures appear to be dependant on host cell contact for 
their formation, and it is possible that a soluble cell-derived substance 
stimulates morphological changes in the bacterium. The filamentous 
appendages observed in this study appear morphologically similar to those 
appendages documented by Kirov et a/. [13] for Aeromonas species. The 
structures on Aeromonas spp. have been identified as Type IV pili [13, 15], a 
colonisation factor common to many enteropathogens including Vibrio 
cho/erae, enterotoxigenic Escherichia coli and enteropathogenic Escherichia 
coli [6]. It is possible that P. shigelloides also possesses Type IV pili, 
reflecting similarity to established enteropathogens such as E. coli, 
Aeromonas and V. cholerae. 
We have observed raised areas of surface membrane (bumps), 
distributed across the entire surface of the P. shigel/oides cell, which most 
closely resemble structures seen on Salmonella serovar Typhimurium [11, 
12]. As with those of S. typhimurium, the surface appendages of 
P. shigel/oides appear to be dependant on host cell contact for their 
formation, as such appendages were not observed on any bacterial cells 
grown in host cell-free cultures. The small bumps observed for 
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P. shigel/oides may be an additional adherence mechanism or may represent 
rudimentary forms of the short filamentous appendages. Further studies are 
required to determine the relationship between these two features. 
The apparent involvement of flagella in the adherence of 
P. shigelloides to Caco-2 cells in vitro is further evidence of an important role 
for flagella in the pathogenesis of many gram-negative bacteria [16, 17, 18, 
19, 20]. For many of these organisms, flagella provide a means for the 
organism not only to approach the target host site, but also an adhesive 
structure to anchor the organism and allow more specific processes to occur 
[16, 17, 18, 19, 20]. The precise role of the flagella in adherence of 
P. shigel/oides to intestinal epithelial cells requires further investigation, but it 
is possible that flagella represent a mechanism of initial adherence, that 
allows time for more permanent attachment to develop. 
In summary, we have shown that adherence to intestinal epithelial 
cells by P. shigelloides appears to be mediated through filamentous 
appendages, and have demonstrated for the first time that P. shigelloides 
adherence involves a number of structures including fimbriae and flagella. 
Formation of these filamentous appendages appears to be dependent upon 
the presence of host cells. An improved understanding of the role of fimbriae 
and flagella in adherence of P. shigel/oides to human epithelial cells will 
enhance knowledge of the pathogenesis of P. shigelloides infections. 
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Abstract 
P/esiomonas shigelloides, a pathogenic bacterium belonging to the 
family Enterobacteriaceae, is able to enter and survive within eukaryotic 
intestinal host cells. Survival of intracellular forms of the bacterium is likely to 
play an important role in its pathogenesis. In this study, we confirm that 
P. shigel/oides enters non-phagocytic Caco-2 cells, and demonstrate that 
P. shigel/oides are initially encircled by a single membrane bound vacuole 
within the Caco-2 cell cytosol. In this investigation, we tested for the 
presence of acid phosphatases, markers of lysosomal activity, associated 
with the bacteria containing vacuoles to determine whether P. shigelloides 
continued to interact with the phagocytic pathway or evaded subsequent host 
defence mechanisms. Acid phosphatase activity was not detected in the 
lumen or membranes of the bacteria-containing vacuoles. With the 
concomitant observations of bacteria free in the host cell cytoplasm, not 
surrounded by host membrane, findings presented in this study suggest that 
lysis of the membranous vacuoles surrounding intracellular P. shigelloides 
occur prior to phagosome-lysosome fusion. 
Keywords: acid phosphatase/ Plesiomonas shigelloidesl intracellular bacteria 
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1. Introduction 
All bacteria, whether they enter host cells by host-initiated 
phagocytosis or parasite-specified endocytosis, are initially encircled by a 
single membrane-bound vacuole known as a phagosome [1, 2, 3, 4]. The 
primary non-oxidative host cell defense against internalised pathogens is the 
fusion of these bacteria-containing phagosomes with lysosomes, as well as 
vacuole acidification [5]. However, it has become increasingly apparent that 
many bacterial species have adopted strategies to ensure their survival 
within host cells. Intracellular bacteria may continue to follow the normal 
endocytic/phagocytic pathway or may alter it for their own benefit [1, 7, 8]. 
Some key intracellular pathogens which have adapted to live within 
various membrane-bound host vacuolar compartments are Salmonella, 
Chlamydia, Legionella, Mycobacterium and Brucella spp. [4]. Within these 
compartments, the abovementioned intracellular pathogens may block 
phagosome maturation into a phagolysosome compartment, inhibit 
phagosome acidification (thus preventing optimal activity of acid 
phosphatases) or adapt to the acidic intravacuolar environment, which in 
some cases may mean developing resistance to acid hydrolases [4]. 
Alternatively, many other pathogens (for example, Shigella spp., Listeria 
monocytogenes and Rickettsia spp.) have been shown to lyse the vacuolar 
membrane in which they were internalised, and hence become invisible to 
the host cell defences of the normal phagocytic pathway [7, 8, 9, 10]. 
Furthermore, escape from the intravacuolar compartment allows these 
organisms to replicate freely in the cytosol and, additionally, to translocate to 
neighbouring host cells, without further attack by host cell defences [7, 8, 9, 
10]. 
Plesiomonas shigelloides has been identified as a cause of diarrhoea 
in humans, both in industrialized countries and in the developing world [11, 
12, 13, 14]. The mechanisms by which this bacterium induce disease are not 
understood. There is evidence from clinical studies to suggest that intestinal 
epithelial invasion occurs, since bloody diarrhoea may occur and 
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inflammatory cells are found in the stools [13, 15]. In an experimental model, 
it has been demonstrated that P. shigelloides is able to enter cultured human 
colonic cells [16]. P/esiomonas shigel/oides enters these non-phagocytic 
cells through a process morphologically comparable to phagocytosis. After 
uptake, the bacterium has been shown to be confined in a vacuole 
surrounded by a single membrane. Other intracellular locations of 
P. shigel/oides were observed, including bacteria within a vacuole 
surrounded by multiple membranes (albeit infrequently) and bacteria free in 
the host cell cytosol (without a surrounding vacuolar membrane). Our 
observations of intracellular bacteria free in the host cell cytosol suggest that 
the normal phagocytic pathway is subverted, and P. shigelloides is no longer 
visible to this degradation pathway. However, it is unknown at what stage in 
the host phagocytic pathway P. shigelloides escapes the vacuolar 
compartment. To determine whether Plesiomonas shigelloides is targeted to 
lysosomes prior to vacuolar escape during infection of Caco-2 epithelial cells, 
we used cytochemical detection assays for acid phosphatases, a group of 
enzyme markers for lysosomes, to analyse the co-localisation of bacteria-
containing vacuoles and acid phosphatase activity. 
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2. Materials and Methods 
2.1 Caco-2 cells. The human epithelial cell line Caco-2 (ATCC 
HTB37) was grown at 37 °C in Eagle's minimal essential medium (EMEM) 
(Sigma) with nonessential amino acids and supplemented with 20% fetal 
bovine serum (FBS) (Commonwealth Serum Laboratories) in a humidified 
atmosphere containing 5% C02. Confluent differentiated growth was 
obtained in 25 cm2 tissue culture flasks (Nunclon) as required. Caco-2 cells 
were present at approximately 4.0 x 106 cells per flask at confluence. 
2.2. Bacterial isolates. Plesiomonas shigelloides isolates ATCC 
14029T and 0981 (originally isolated from gallbladder) were used in this 
study. These isolates previously have been shown to be invasive to Caco-2 
cells [16]. Isolates were stored on a bead recovery system in the culture 
collection of the Microbiology Section, Queensland University of Technology. 
To confirm the identity of each isolate prior to experimental assays, 
biochemical tests (arginine dihydrolase, lysine decarboxylase, orthithine 
decarboxylase, oxidase and catalase) were performed according to standard 
methods [17]. Gram reactions and colony morphologies on inositol brilliant 
green bile salts medium were determined. 
2.3. Electron microscopy for phagosome-lysosome fusion. Host 
cells containing bacteria were assayed for the presence of the lysosomal 
enzyme acid phosphatase using the method of Robinson and Karnovsky 
[18]. P/esiomonas shigelloides infections of Caco-2 cells were performed as 
described previously [16]. The P. shigelloides-infected host cells were fixed 
in 2% glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.2) for 30 mins 
at 4 °C. Cells were washed in 0.1 M sodium cacodylate buffer, 4 times for 10 
mins each wash, followed by 3 washes in 0.1 M acetate buffer (pH 5.0). Acid 
phosphatase was localised by incubating the samples at 37 °C in 
cytochemical media (0.1 M acetate buffer, 1 mM j3-glycerophosphate as the 
substrate, and 2 mM cerium chloride as the capture agent) for 1 h. Controls 
included samples in which the control cytochemical media lacked the 
substrate, and assay of uninfected Caco-2 cells. Following the cytochemical 
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reaction, the cells were washed 3 times in acetate buffer and then twice in 
0.1 M cacodylate buffer. The cells were refixed in 3% glutaraldehyde in 0.1 
M cacodylate buffer (pH 7 .2) for 1 h and then washed overnight at 4 °C in the 
same buffer before further processing for transmission electron microscopy, 
as described previously [17]. Sections were cut from 3 different levels of the 
embedded cell pellet, stained with uranyl acetate and lead citrate, and 
examined with a JEOL 1200EX transmission electron microscope. 
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3. Results 
Transmission electron microscopic observation of P. shigel/oides-
infected Caco-2 cells revealed acid phosphatase activity on the membrane 
and within the lumen of numerous cytoplasmic vacuoles which did not 
contain bacteria (Fig. 1A). The ultrastructural appearance of these vacuoles 
was indicative of lysosomes. Golgi complexes, such as Golgi lamellae, 
vacuoles and vesicles and multivesicular bodies, also demonstrated acid 
phosphatase activity (Fig. 1 B). 
In this present study, several stages of P. shigel/oides infection were 
observed during the 8 h incubation period. There was no apparent 
morphological difference in the way each P. shigel/oides isolate (ATCC 
14029T and 0981) interacted with the Caco-2 cell monolayer. From 4 h 
postinfection, bacteria were observed adhering directly to the microvilli (Fig. 
2A) or to the cell membrane, with areas of close apposition between the 
bacterial surface and the host cell surface. However, most Caco-2 cells were 
free of adherent bacteria at this timepoint and were morphologically identical 
to uninfected Caco-2 cell monolayers. 
At 6 and 8 h postinfection, numerous morphologically intact intracellular 
bacteria were observed. Three bacterial locations were noted: i) bacteria 
contained in a vacuole with a single surrounding membrane (Fig. 2B); ii) 
bacteria contained in a vacuole with at least two surrounding membranes 
(Fig. 2B), and iii) bacteria without a surrounding vacuolar membrane, free in 
the host cell cytosol (Fig. 2C). Bacteria occurring in vacuoles surrounded by 
a single membrane and bacteria free in the host cell cytosol were the 
predominant forms of intracellular bacteria, whilst bacteria occurring in 
vacuoles surrounded by at least two membranes were observed infrequently. 
Acid phosphatase activity was not detected in the lumen or on membranes of 
any of the bacteria-containing vacuoles (Fig. 2B). 
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Fig. 1. Transmission electron micrographs demonstrating the localisation of 
acid phosphatase in P. shigelloides (type strain)-infected Caco-2 cells. (A) 
acid phosphatase staining on membranes of vacuoles which do not contain 
bacteria (highlighted by arrowheads) and in the lumen of the vacuoles 
(highlighted by asterisks). (B) acid phosphatase staining in Golgi complexes 
(highlighted by arrowheads) and multivesicular bodies. 
i, interdigitations; m, microvilli; mt, mitochondria; Mvb, multivesicular bodies; 
Nu, nucleus. 
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Fig. 2. Transmission electron micrographs of P. shigel/oides (type strain) 
attached to and within Caco-2 cells. (A) bacterium adhering to microvilli at 
apical surface. (B) two bacteria within intravacuolar compartments in host cell 
cytosol; bacterium (b) within a vacuolar compartment surrounded by single 
membrane (highlighted by arrowheads) and bacterium (b*) within a vacuolar 
compartment surrounded by two membranes (highlighted by arrowheads). 
Note no acid phosphatase staining observed on surrounding membranes or 
within lumen of vacuoles (C) intracellular bacteria without surrounding 
vacuolar membrane. 
b, bacterium; m, microvilli. 
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In this present study, acid phosphatase activity (indicated by the 
electron opaque precipitate) was detected at the surface of some internalised 
and extracellular P. shigel/oides bacteria (Fig. 3A). Acid phosphatase activity 
appeared to be surface localised on some bacteria confined within 
membrane bound vacuoles (Fig. 38). The surrounding vacuolar membrane 
and vacuolar contents did not stain for acid phosphatase. Additionally, acid 
phosphatase activity was detected on the outer bacterial cell wall of some 
extracellular bacteria, including those within interdigitations of the basolateral 
membrane and adhering to the plasma membrane at both the apical and 
basal surfaces of the Caco-2 cell monolayer (Fig. 3C). 
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Fig. 3. Transmission electron micrographs of P. shigel/oides (type strain)-
infected Caco-2 cells demonstrating acid phosphatase activity. (A) 
extracellular and intravacuolar bacteria demonstrating surface localised acid 
phosphatase activity (indicated by asterisks). (B) surface localised acid 
phosphatase activity on an intracellular bacterium surrounded by a vacuolar 
membrane (highlighted by arrowheads). (C) bacterium seen within 
interdigitations between Caco-2 cells. 
b, bacterium; i, interdigitations; m, microvilli; mt, mitochondria; Nu, nucleus; 
sp, stain precipitate. 
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4. Discussion 
Acid phosphatases play varied and crucial roles in microbial 
pathogenesis. This group of enzymes is commonly considered to be the 
marker for lysosomes [5, 19], but acid phosphatases also have been 
implicated as virulence factors for many intracellular pathogens [20, 21, 22]. 
In a previous study, we demonstrated that P. shigelloides has the potential to 
become an intracellular pathogen in humans [16]. We showed that 
P. shigelloides could enter non-phagocytic host cells through a process 
comparable to phagocytosis and was able to survive intracellularly, within 
vacuolar compartments, as well as within the host cell cytosol. This led us to 
investigate the presence of acid phosphatase activity in P. shigelloides-
infected Caco-2 cells, seeking clarification of the nature of the bacteria-
containing vacuoles. 
In this study, acid phosphatase activity was not detected in the lumen 
or on membranes of any of the bacteria-containing vacuoles. As acid 
phosphatase is a marker for lysosomes, P. shigelloides may be capable of 
lysing from the initial phagosome prior to phagosome-lysosome fusion. This 
evasion strategy would allow P. shigel/oides to avoid vacuolar acidification 
and further recognition by the host phagocytic defence pathway. 
Phagosomal escape has been examined most closely in Listeria 
monocytogenes and Shigella flexneri [7, 8, 9, 23]. Both these intracellular 
pathogens are capable of escaping from the phagosome into the host cell 
cytosol. Listeria monocytogenes and S. f/exneri produce proteins related to 
hemolysin with enzymic activity that partially degrades the phagocytic 
vacuolar membrane, allowing the bacteria to enter the cytoplasm [7, 8, 9, 23]. 
Plesiomonas shigelloides may use a similar mechanism to escape from 
intravacuolar compartments, as beta-haemolytic activities have been 
identified previously in numerous P. shigelloides isolates (34 of the 36 tested) 
[24]. However, the use of the previously identified hemolysin for vacuolar 
escape by P. shigelloides is only speculative, and further exploration of the 
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mechanisms of P. shigelloides escape from the intravacuolar compartment is 
justified. 
The nature of multiple membrane vacuoles containing bacteria has not 
been resolved in this study. It may be argued that bacteria surrounded by 
multiple membranes may be within a phagolysosome, the fusion product 
between a phagosome and lysosome. Several studies of other intracellular 
pathogens have noted that some intracellular pathogens remain in vacuolar 
compartments which have the characteristics of phagolysosomes [4]. A 
number of intracellular pathogens are able to resist the action of hydrolytic 
enzymes in acidified phagosomes (for example, Coxiella bumetti and 
Leishmania spp.) whilst others remain in vacuolar compartments that have 
failed to acidify (for example Mycobacterium spp. and Legionella 
pneumophi/a) [25, 26]. In this study, we found that there was no acid 
phosphatase activity associated with the multiple membrane vacuole, and 
morphologically intact P. shigel/oides were observed within these vacuoles. 
These findings suggest that P. shigelloides may reside within a vacuole that 
has failed to acidify, demonstrating another mechanism in which this 
organism potentially evades host defence mechanisms. Future studies 
should investigate the composition of the vacuolar membrane encompassing 
the intracellular P. shigelloides to determine the exact nature of the vacuolar 
compartments. 
It also is feasible to consider that the multiple membrane vacuoles 
may arise from the autophagic pathway. This cellular process usually 
involves the sequestration of cytoplasm and organelles into double-
membrane autophagic vacuoles for subsequent breakdown within lysosomes 
[27]. As lysosomes also are implicated with this pathway [27, 28], it would be 
assumed that acid phosphatase activity would be associated with these 
vacuolar forms. However, in this study, acid phosphatase activity was not 
observed on or in any bacteria-containing vacuoles. In addition, due to the 
nature of autophagy being a bulk degradation process, autophagic vacuoles 
often contain numerous remnants of host cytoplasm and organelles [29]: this 
attribute was not observed for any multiple membrane vacuole containing 
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bacteria in this study. To exclude the possibility of these vacuoles being 
derivatives of the autophagic pathway, the presence of key cytoplasmic 
components, such as protein disulphide isomerase (PDI) [30] should be 
investigated. 
In this study we noted numerous bacterial profiles, both at intracellular 
and extracellular locations, exhibiting acid phosphatase activity on the 
bacterial cell surface. Studies of surface-localised acid phosphatases of both 
protozoan and bacterial pathogens suggest that non-specific acid 
phosphastases may play a critical role in infection and the survival of 
microbes within a human host [19, 22, 31, 32]. Such activity has been 
demonstrated for Coxiella bumetii [22], Legionella micdadei [33] and 
Leishmania donovanii [20, 32]. One explanation for the role of surface acid 
phosphatase is that it assists in intracellular survival by inhibiting the 
respiratory burst of activated neutrophils [34]. Thus, surface located acid 
phosphatase on microorganisms is considered to be a virulence factor. The 
mechanism by which acid phosphatase inhibits the respiratory burst is 
unknown. However, a proposed mechanism for Leishmania and Legionella 
is acid phosphatase-catalysed depletion of phosphatidylinositol 4,5-
bisphosphate (PIP2) and inositol 1 ,4,5-triphosphate (IP3) [33, 35]. In this 
proposed mechanism, it is not clear whether depletion of PIP2 or IP3 pools 
occurs by direct hydrolysis of these intermediates or whether acid 
phosphatases interfere with the plasma membrane signal transduction 
mechanism through an undefined process [32, 34]. A similar mechanism 
might be involved in intracellular survival of P. shigelloides. 
On the basis of the present results, it is suggested that P. shigelloides 
escapes from the surrounding vacuolar membrane prior to phagosome-
lysosome fusion. This stratagem highlights the ability of P. shigelloides to 
evade a type of host defence mechanism. However, the picture of cellular 
events which occur during P. shigel/oides entry into host cells is far from 
complete. Investigation of the role of surface localised acid phosphatase 
would allow elucidation of factors relevant for the intracellular survival of 
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P. shigelloides and would contribute to the overall understanding of 
P. shigel/oides pathogenesis. 
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CHAPTER 7 
Plesiomonas shigelloides morphology and apparent 
cell entry: Effect of bacterial growth phase 
Theodoropoulos, C., M. Jones, T. Walsh, D. J. Stenzel. 2003. 
Plesiomonas shigelloides morphology and apparent cell entry: effect of 
bacterial growth phase. Submitted to Microbiology. 
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SUMMARY 
Adhesion to and invasion of human intestinal epithelial (Caco-2) cells by 
clinical and environmental isolates of P. shigelloides were studied. In this 
study, it was demonstrated for the first time that P. shigelloides isolates from 
environmental water sources were able to adhere to and enter this cell line, 
and variability was observed in the percentage of bacteria adherent to and 
within Caco-2 cells among these isolates. An investigation of the effect of 
growth phase of the bacteria established reliable kinetics for the growth of 
ATCC 14029r, and revealed slightly higher percentages of bacteria adhering 
to and within Caco-2 cells after incubation with exponential-phase bacterial 
cultures compared to stationary-phase cultures. An increase in the 
morphological expression of filamentous appendages for exponential-phase 
clinical cultures was observed. This increased morphological expression was 
documented as an increase in the number of filaments observed per bacterial 
cell, as well as an increase in the number of bacteria possessing them. 
Keywords: Plesiomonas shigel/oides, bacterial morphology, growth curve, 
bacterial-host cell interactions 
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INTRODUCTION 
The bacterium, Plesiomonas shigel/oides has been associated with a number 
of significant intestinal and extra-intestinal infections in humans, as well as 
other animals (Brenden eta/., 1988). However, proof of its role in enteric 
disease has been hindered by a lack of an appropriate animal model and 
deficiencies in diagnostic procedures. Plesiomonas shigel/oides is an 
oxidase-positive, Gram-negative rod traditionally allocated to the family 
Vibrionaceae. However, phylogenetic analyses and antigenic profiling have 
indicated a closer relationship with members of the family 
Enterobacteriaceae (Ruimey eta/., 1994; Martinez-Murcia eta/., 1992), and 
P/esiomonas shigel/oides recently has been reassigned as a member of this 
family (Garrity, 2001). As with most Enterobacteriaceae, P. shigelloides 
appears universally distributed in aquatic environments (Mondino et a/., 
1995). Indeed, water is thought to be the main transmission route for the 
bacterium (Brenden eta/., 1988), although there has been no experimental 
evidence support this hypothesis. 
The pathogenic mechanisms used by Plesiomonas shigelloides are not yet 
defined. It has been reported that this bacterium produces cholera-like 
(Gardner et a/., 1987), thermostable (ST) (Matthews et a/., 1988) and 
thermolabile (LT) enterotoxins (Sears & Kaper, 1996), but evidence remains 
inconclusive, and the mechanisms by which P. shigelloides may cause 
disease have not been thoroughly investigated. Until recently, it was 
reported that P. shigelloides was rarely (if ever) invasive (Abbott eta/., 1991; 
Herrington et a/., 1987), although our recent ultrastructural study clearly 
demonstrated that clinical isolates of P. shigelloides obtained from 
gastroenteritis cases were able to enter intestinally-derived Caco-2 cells in 
vitro (Theodoropoulos eta/., 2001). This entry pattern was morphologically 
indistinguishable from that observed with other well-characterised 
enteropathogens (Falkow et a/., 1992), and supports the contention that 
P. shigelloides has the potential to become an intracellular pathogen of 
humans. 
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The efficiency with which enteric pathogens adhere to and enter host cells 
often is dependant upon the bacterial phase of growth (Ha and Jin, 2000; 
Mounier eta/., 1997; Lee & Falkow, 1990). Some pathogens (for example 
Salmonella spp., Escherichia coli and Shigella flexnen) internalise more 
efficiently when grown in exponential phase, while others (including 
Pseudomonas) internalise more efficiently in stationary-growth phase (Ha & 
Jin, 2000). Such dependency on the phase of growth reflects the timing of 
expression of particular virulence factors, which are important for bacterial 
entry into host cells. 
Our previous report (Theodoropoulos eta/., 2001) involved overnight cultures 
of P. shigelloides. To examine the effect of growth phase on entry into host 
cells by this bacterium, we established a reliable growth curve (for the type 
strain, and other P. shigel/oides isolates from both clinical and environmental 
sources) and compared the adherent and invasive proportions of bacteria in 
different phases of growth. We additionally report the ability of environmental 
isolates to adhere and enter intestinally-derived cells in vitro, confirming their 
potential as pathogens. 
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METHODS 
Bacteria. Two clinical isolates (ATCC 14029T and 0981) and two 
environmental isolates (PS05021-01 and PS07021-01) of P. shigel/oides 
were examined. The two clinical isolates were obtained from gastroenteritis 
cases, and the environmental isolates were obtained from waterways in the 
Brisbane region, Australia (Table 1). Isolates were stored on a bead 
recovery system in the culture collection of the Microbiology Section, 
Queensland University of Technology. To confirm the identity of each isolate 
prior to experimental assays, biochemical tests (arginine dihydrolase, lysine 
decarboxylase, orthinine decarboxylase, oxidase and catalase) were 
performed according to standard methods (Schubert, 1983). Gram reactions 
and colony morphologies on inositol brilliant green bile salts medium were 
determined. All bacterial isolates were maintained on nutrient agar slants at 
4 °C and plated onto nutrient agar prior to use. 
Growth Conditions. To 100ml of nutrient broth, 1ml of an overnight culture 
of P. shigelloides was transferred and grown at 37 °C in a shaking incubator 
with agitation (-200 rpm). Aliquots (1 ml) were collected at hourly intervals 
and the optical density determined at 540 nm (O.D.54onm), to create a total of 
10 (replicate) individual growth curves for each isolate. 
Transmission electron microscopy 
Bacteria in culture. Plesiomonas shigelloides in lag, exponential and 
stationary phase were negatively stained and examined by transmission 
electron microscopy. Bacteria were transferred to 200-mesh celloidin-carbon 
coated copper TEM grids, prior to staining with 1% aqueous uranyl acetate. 
The bacterial preparations were examined and photographed with a JEOL 
1200EX transmission electron microscope. 
Caco-2 cell culture and infection assays. Caco-2 cells were grown at 
37 °C in Eagle's minimal essential medium (EMEM) (Sigma) with 
nonessential amino acids and supplemented with 20% fetal bovine serum 
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(FBS) (Commonwealth Serum Laboratories), in a humidified atmosphere 
containing 5% C02. Confluent differentiated growth was obtained in 25 cm2 
tissue culture flasks (Nunclon). Caco-2 cells were present at approximately 
4.0 x 106 cells per flask at confluence. Confluent monolayers were infected 
with each one of four isolates of P. shigelloides (ATCC 14029, 0981 
PS07D21-01 and PS05D21-01) at a concentration of 107 bacteria mr1 at each 
of the different growth phases (stationary-phase and exponential-phase of 
the growth curve). Samples (the entire contents of one tissue culture flask) 
of each isolate were fixed with 3% glutaradehyde (ProSciTech) fixative (in 0.1 
M cacodylate buffer; pH 7.4) at times 2, 4, 6, 8 and 10 h postinoculation. 
After fixation for one hour at room temperature, cells were scraped off tissue 
culture flasks, washed in buffer, postfixed in 1% osmium tetroxide, and 
embedded in Spurr epoxy resin according to standard TEM procedures 
(Robards & Wilson, 1993). A total of 10 TEM grids of ultrathin sections (50-
1 00 nm) were cut from 3 different levels of the cell pellet. After staining with 
uranyl acetate and lead citrate, sections were examined and photographed 
with a JEOL 1200EX transmission electron microscope. 
Statistical analysis. To quantify the difference in adhesion and entry, the 
intra- and extracellular bacteria were counted on 10 TEM grids of ultrathin 
sections. For each timepoint and each isolate, a total of 300-400 host Caco-
2 cells were counted. Values for adhered and for intracellular bacteria were 
expressed as a percentage of the total number of bacteria observed for each 
grid at each timepoint. Full statistical analysis was restricted to observations 
at 6 h postinoculation, which was prior to major alterations due to host cell 
death. In this study, no distinction was made between morphologically intact 
host cells and those host cells undergoing cell death, when assessing 
bacterial cells adhering to or within host cells. 
The data sets were calculated as mean ± standard deviation. Statistical 
significance of values was determined by analysis of variance and paired t 
test. A P value of S0.05 was considered significant. 
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RESULTS 
Growth of P. shigel/oides in batch culture 
Growth curves were highly reproducible, with bacteria entering the 
exponential phase of growth within 2 h and stationary phase 5 h later, for 
each of the P. shigelloides isolates. The mean result for ATCC 14029T is 
given in Fig. 1. 
Morphology of P. shigelloides in different phases of growth 
The morphology of P. shigel/oides type strain ATCC 14029 T in lag, 
exponential and stationary phase of growth was similar to clinical isolate 
0981 and environmental isolate PS07D21-01. Flagella were not observed on 
environmental isolate PS05D21-01 at any growth stage. The results for 
typical P. shigel/oides (ATCC 14029 T) morphology at different growth stages 
are shown in Figure 2. Bacterial populations in the lag phase of growth were 
composed predominantly of non-dividing bacilli (86%) that did not possess 
flagella (Fig. 2A). However, a few bacterial cells were observed with flagella 
at a single pole (Fig. 2B). In general, the bacterial cells in lag phase of 
growth appeared almost coccoid in shape. During exponential phase, up to 
56% of the population was observed as dividing cells. Four flagella at a 
single pole were most frequently observed for dividing cells (Fig. 2C), while 
the most frequently observed morphology amongst the non-dividing bacilli 
was a single flagellum at one pole (Fig. 20). However, flagella at both poles 
were observed for both the dividing and non-dividing bacilli, albeit 
infrequently. In the stationary phase of growth, a high proportion of bacteria 
were non-flagellated (Fig. 2E). Bacterial cells appeared almost coccoid in 
shape, similar to those of the bacterial populations in the lag phase. 
Fimbriae were not observed for any P. shige/loides isolates examined by 
negative staining in this study. Table 1 summarises the most frequent 
surface appendage morphology observed for each P. shigelloides isolate 
during exponential growth. 
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Fig. 1. Growth curve for Plesiomonas shigelloides ATCC 14029T at 37°C. 
Points along the growth curve at which samples for infection assays were 
taken are indicated by • . 
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Fig. 2. Transmission electron micrographs of negatively stained preparations 
of P. shigelloides in lag- (15mins), exponential- (4 h) and stationary-(18hrs) 
phases of growth. (A) A coccoid-like bacterium in lag phase. (B). A 
bacterium in lag phase with multiple polar flagella. (C) An exponential-phase 
bacterium with clearly visible division septum and multiple polar flagella. (D) 
Bacterial cells in exponential-phase, with single and multiple polar flagella. 
(E) Non-flagellate bacterial cells observed in stationary phase. 
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Table 1. Source of isolate and predominant surface appendages noted by 
negative staining for the clinical and environmental P. shigelloides isolates 
during exponential growth phase. 
Isolate Source Surface Appendages 
ATCC 14029T Type strain clinical - faeces 4-7 polar flagella 
0981 Clinical - gallbladder 4-7 polar flagella 
PS05D21-01 Environmental-water No surface appendages 
(Creek) 
PS07D21-01 Environmental-water 4-7 polar flagella 
(Creek) 
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Ultrastructural observations of clinical and environmental 
P. shigel/oides isolates interacting with Caco-2 cells. 
The results presented in Table 2 show the percentages of bacteria adhering 
to and within Caco-2 cells. It can be seen from this table that there is 
variability in the percentage of bacteria adhered to and within Caco-2 cells for 
each isolate examined. For example, isolate PS05021-01 has the highest 
percentage of bacteria adhering, but the lowest percentage of intracellular 
bacteria, whereas isolate ATCC 14029T and isolate PS07021-01 had 
approximately the same percentage of bacteria seen adhering as the 
percentage of bacteria intracellularly 
Adhesion. Environmental P. shigelloides isolates (Ps05021-01 and Ps07021-
01) were examined by transmission electron microscopy to determine 
whether they were able to adhere to and enter Caco-2 cells. Both these 
P. shige/loides isolates were shown to adhere to the microvilli and plasma 
membrane at the apical surfaces of the Caco-2 cell monolayer (Fig. 3A and 
38). There were no filamentous appendages visible on the environmental 
isolates. 
Interestingly, a higher percentage of bacteria was observed adhering to 
Caco-2 cell surfaces in environmental isolate PS05021-01-infected Caco-2 
cell monolayers observed than with environmental isolate PS07021-01-
infected Caco-2 cell monolayers (53% ± 36% and 23% ± 32%, respectively; 
P = 0.03*) (Table 2). It is important to note that flagella or other filamentous 
appendages were observed on environmental isolate PS05021-01. The 
higher percentage of adherent bacteria for isolate PS05021-01-infected 
Caco-2 cell monolayers also was significantly higher than observed for the 
clinical isolates ATCC 14029T (21% ± 6% +; P = 0.02) and isolate 0981 (43% 
± 26%1l; P = 0.03*) (Table 2). 
Entry into Caco-2 cells. Environmental isolates (PS05021-01 and 
PS07021-01) were observed within the cytoplasm of Caco-2 cells. Isolate 
PS05D21-01 was observed within vacuolar compartments surrounded by a 
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Table 2. Quantitative analysis of adhesion to and entry into Caco-2 cells of 
clinical isolates (ATCC 14029 T and 0981) and environmental isolates 
(PS05021-01 and PS07021-01) of P/esiomonas shigel/oides at different 
growth phases. Each result shown for % Adherence and % Intracellular 
represents the mean percentage of adhered or invaded bacteria ± the 
standard deviation obtained from a total of 10 TEM grids. 
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Isolate ATCC 14029T (Clinical) 
Time (hrs postinoculation) %Adherence % Intracellular 
Exponential Stationary P value Exponential Stationary P value 
6 35 ± 23 21 ± 16 0.134 23±27 15 ± 12 0.437 
Isolate 0981 (Clinical) 
Time (hrs postinoculation) %Adherence % Intracellular 
Exponential Stationary P value Exponential Stationary P value 
6 62±50 43±26 0.314 27±22 22±25 0.974 
Isolate PS05D21-01 (Environmental) 
Time (hrs postinoculation) %Adherence % Intracellular 
Exponential Stationary P value Exponential Stationary P value ! 
6 55 ±22 53±36 0.898 2±3 3 ± 10 0.473 
Isolate PS07D21-01 (Environmental) 
i 
Time (hrs postinoculation) %Adherence % Intracellular 
Exponential Stationary P value Exponential Stationary P value 
i 
6 31 ± 33 23 ±32 0.608 19 ± 33 17 ± 26 0.882 I 
,_ 
--- ---
, __ 
---

Fig 3. Transmission electron micrographs of environmental isolates of 
P. shigelloides adhering to and within Caco-2 cells. Environmental isolates 
Ps05021-01 (A) and Ps07021-01 (8) adhering to the microvilli of Caco-2 cell 
monolayer. (C) Isolate Ps05021-01 within a membrane bound vacuole 
highlighted by arrowheads. (D) Isolate Ps07021-01 observed free in the 
Caco-2 cell cytoplasm devoid of a surrounding vacuolar membrane. 
b, bacterium; mv, microvilli; Nu, nucleus 
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single membrane (Fig. 3C) and, at later times, was more frequently observed 
in the cytoplasm of Caco-2 cells devoid of a surrounding vacuolar membrane. 
In contrast, isolate PS07D21-01 was observed only in the Caco-2 cell 
cytoplasm devoid of a surrounding vacuolar membrane at all times examined 
(Fig. 3D). Frequently, intracellular bacteria were observed in Caco-2 cells 
undergoing cell death. 
Slightly higher percentages of intracellular bacteria were observed for 
P. shigelloides isolate ATCC 14029r, isolate 0981, and isolate PS07D21-01 
(15% ± 12%, 22% ± 25% and 17% ± 26%, respectively) compared to isolates 
PS05D21-01. Differences in the percentage of intracellular bacteria observed 
between isolate 0981 and isolate PS05D21-01 (22% ± 25% and 3% ± 10% 
respectively) were recorded as being statistically significant (P = 0.022). In 
addition, a statistically significant difference in the percentage of intracellular 
observed for the environmental isolates PS05S21-01 (3% ± 1 0%) and 
PS07D21-01 (17% ± 26%) also was recorded. 
Effect of growth phase on P. shigelloides adhesion to and entry into 
Caco-2 cells 
Adhesion. The results for adhesion of bacteria from exponential- and 
stationary-phase cultures of both clinical and environmental isolates of 
P. shigel/oides is shown in Table 3. We observed higher percentages of 
bacteria adhering to surfaces of Caco-2 cell monolayers when bacteria were 
grown exponentially prior to inoculation in comparison to those bacteria 
grown to stationary-phase for three P. shigelloides isolates (ATCC 14029 r, 
0981 and PS07D21-01 ). However, these higher percentages for exponential-
phase cultures were not significantly different from stationary-phase cultures. 
There was no difference between the percentage of bacteria adhered for 
isolate Ps05D21-01 when grown to exponential-phase (55% ± 22%) 
compared to the same isolate grown to stationary-phase cultures (53% ± 
36%) (P = 0.898). 
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Throughout the examination of ultrathin sections for transmission electron 
microscopy, filamentous appendages on P. shigel/oides cells were observed 
more frequently in the exponential-phase than within stationary-phase 
cultures for both clinical isolates. An increased number of filamentous 
appendages per bacterial cell, as well as an increase in the number of 
bacterial cells possessing appendages, was noted. Filamentous 
appendages were not observed on the environmental isolates examined at 
any stage of growth. 
Entry into Caco-2 cells. 
The ability of P. shigel/oides isolates to enter Caco-2 cells was tested at 
different growth phases (exponential- and stationary-phase cultures). The 
results for each isolate are presented in Table 3. We observed slightly higher 
percentages of intracellular bacteria within Caco-2 cells for exponential-
phase cultures than with stationary-phase cultures for three of the four 
P. shigel/oides isolates examined (ATCC 14029 T, 0981, and Ps07021-01). 
The greatest difference for the percentage of intracellular bacteria within the 
cytoplasm of Caco-2 cells at different growth phases occurred for clinical 
isolate ATCC 14029T (exponential-phase, 23% ± 27%; stationary-phase, 15% 
± 12%; P = 0.437), although these results were not statistically significant. 
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Table 3. Comparison of adhesion to and entry into Caco-2 cells of clinical 
(ATCC 14029T and 0981) isolates and environmental (PS05D21-01 and 
PS07D21-01) isolates of P/esiomonas shigelloides. Data for "bacterial 
adherence" are below the diagonal, and for "bacterial entry" are above the 
diagonal. The numbered identification before each isolate code corresponds 
to the data identified in each cell of the table by the same prefix numeral. 
Each result shown for % Adherent bacteria and % Intracellular bacteria 
represents the mean percentage of adhered or invaded bacteria ± the 
standard deviation obtained from a total of 10 TEM grids. 
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Intracellular bacteria(%) 
2. ATCC 14029T 2.0981 2. PS05D21-01 2. PS07D21-01 
P= 0.342 11. 15 ± 12 P= 0.153 1.15±12 1. ATCC 14029T P= 0.826 
2. 3 ± 10 2. 17 ± 26 
. 22 ± 25 1. 22 ± 25 
1.0981 I P= 0.03* P= 0.022* P= 0.604 
2. 21 ± 6 + 2. 17 ± 26 
1. 53± 36 +.6 
1. PS05D21-01 I P= 0.02* P= 0.142 
2. 21 ± 6 2. 43 ± 26 P= 0.477 
1. 23 ± 32 * 1. 23 ± 32 
1. PS07D21-01 I P= 0.873 P= 0.138 P= 0.04* 
2. 21 ± 6 2. 43 ± 26 2. 53± 36 
Adherent bacteria(%) 
DISCUSSION 
Expression of virulence factors in pathogenic bacteria usually is tightly co-
ordinated and regulated; growth phase and environmental conditions 
characteristic of the host often are the determinants for virulence factor 
expression in various gram-negative pathogens (Guiney eta/., 1995; Gross, 
1993; Smith, 1990). In this study, we explored the relationship between 
Plesiomonas shigel/oides morphology, adherence and invasion efficiency 
and phase of growth. This study aimed to further clarify how different 
morphological forms and the source of isolates of P. shigel/oides may 
influence host cell colonisation and pathology. 
It has been suggested that P. shigelloides infections are transmitted through 
untreated drinking and recreational water sources, both environments where 
P. shigelloides is ubiquitous (Arai eta/., 1980; Tsukamoto eta/., 1978; Bhat 
eta/., 1974). In this study, we investigated this possibility by examining the 
interactions between environmental isolates of P. shigel/oides and a human 
intestinally derived cell line, using transmission electron microscopy. We 
have shown for the first time that isolates of P. shigel/oides obtained from 
aqueous environments are able to adhere to and enter Caco-2 cells, in a 
process comparable to that of the clinical isolates examined in this study. 
P/esiomonas shigel/oides isolates obtained from both gastroenteritis cases 
and environmental water were found, morphologically intact and devoid of a 
surrounding vacuolar membrane, free in the host cell cytoplasm. These 
observations demonstrate that environmental isolates can invade and survive 
in host cells, supporting the proposal that contaminated water may be a 
transmission route for P. shigel/oides infections. 
The process by which the environmental isolates (PS05D21-01 and PS07D21-
01) adhered to and entered Caco-2 cells appeared morphologically similar to 
that of the clinical isolates (ATCC 14029T and 0981) examined in this study. 
However, the percentage of bacterial cells observed adhering to and within 
Caco-2 cells was slightly less (but not statistically significant) for the 
environmental isolates than the clinical isolates examined in this study. It is 
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generally accepted that increased passage of pathogens through a host can 
increase the virulence of a given pathogen (Sokurenko eta/., 1999; Levin & 
Bull, 1994; Salyers & Whitt, 1989). This observation is consistent with the 
theory that microorganisms need some time to adapt to an environment that 
is not their original evolutionary environment, in order for the organism to 
reach its optimal fitness (Sokurenko et a/., 1999; Levin & Bull, 1994; Salyers 
& Whitt, 1989). With this in mind, the fitness of the environmental organisms 
examined in this study may be suboptimal, and some time may be needed to 
adapt within the host environment in order to reach comparable virulence to 
the clinical isolates. Alternatively, the two environmental isolates examined 
in this study may be less virulent than P. shigelloides isolates from clinical 
cases. 
With the increasing interest in P. shigelloides pathogenicity, it is becoming 
more apparent that there are varying pathotypes within the single species 
P. shigel/oides. This was shown in our study with differing adherence and 
entry percentages obtained for each isolate of P. shigelloides examined. 
Such a phenomenon has been demonstrated quite clearly for Escherichia 
coli (Nataro & Kaper, 1998). Further investigations are warranted to examine 
the diversity of virulence among other environmental isolates of 
P. shigel/oides, and to compare these with representative clinical isolates to 
understand the origin and pathogenic potential of the environmental 
P. shigelloides isolates. 
For many aquatic bacteria, the presence of flagella not only assists in 
directional motility, but also has been shown to play an important role in non-
specific adherence to host cells (Giron eta/., 2002; Dibb-Fuller eta/., 1999; 
Thornley eta/., 1997; Gardel & Mekalanos, 1996; Mobley eta/., 1996). In 
this study, we were able to confirm our earlier observations (Theodoropoulos 
et a/., 2003; Chapter 4) that flagella may assist in the P. shigelloides 
adherence. Interestingly, this study is the first to report an environmental 
isolate of P. shigelloides (PS05D21-01) without flagella. Previous reports 
have suggested that P. shigelloides is motile through 4-7 lophotrichous 
flagella (Theodoropoulos eta/., 2003; Chaper 4; Schubert, 1983), with some 
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peritrichous forms also documented (Inoue et a/., 1991). In this study, 
environmental isolate PS052D21-01 was shown to adhere to human intestinal 
epithelial cells despite flagella not being observed on the bacterial cell at any 
growth stage or timepoint in the assays. Interestingly, the highest 
percentage of bacteria adhering to host cells was observed for environmental 
isolate Ps05D21-01 in comparison to other P. shigelloides isolates examined. 
These results suggest that flagella do not play a crucial role in P. shigel/oides 
adherence to intestinal cells in vitro, and that other mechanisms exist. We 
cannot rule out the possibility that the role of flagella may be more important 
in P. shigel/oides adherence in vivo, since flagella may be required to allow 
the organism to access the intestinal epithelium, as well as to tether the 
bacterium to the host epithelium. 
Recently, filamentous appendages have been described for P. shigelloides 
and appear to assist in P. shigelloides adherence to intestinal epithelial cells 
(Theodoropoulos et a/., 2003; Chapter 4). In this study, we observed an 
increase in the morphological expression of these filamentous appendages 
on bacterial cells, when grown to exponential phase prior to interacting with 
host intestinal cells in vitro. As these results are based solely on 
morphological examination from TEM ultrathin sections, and no statistical 
analysis was performed, it is unknown whether there is a statistically 
significant increase in the expression of filamentous appendages observed 
between the exponential phase and stationary phase culture. Future studies 
are desirable to identify the molecular determinants for these filamentous 
appendages of P. shigelloides, and to examine the gene expression for these 
filaments with bacteria at different growth stages, as well as with or without 
the presence of host cells. 
An increase was noted in the percentage of bacteria adhered to and within 
the cytoplasm of Caco-2 cells for three P. shigelloides isolates grown to 
exponential phase. Increased efficiency in invasion has been observed for 
many enteropathogens when grown to exponential phase (Ha & Jin, 2000; 
Mounier et a/., 1997; Lee & Falkow, 1990). It has been suggested for 
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Salmonella serovar Typhimurium that the higher rates of bacterial entry 
observed in exponential growth may reflect the need to carry out protein 
synthesis at sufficiently high rates so that new proteins necessary for the 
bacterial entry process are induced (Ernst et a/., 1990). On the other hand, 
one cannot rule out the possibility that proteins required for bacterial entry 
have a high turnover rate and therefore must be continually synthesised in 
order to maintain maximal bacterial entry rates (Ernst et a/., 1990). The 
molecular determinants involved in P. shigelloides uptake have not been 
identified. Once the P. shigelloides invasion factors have been identified, it 
would be informative to examine their expression in bacteria at different 
growth phases. 
Based on our results, environmental isolates of P. shigelloides do have the 
potential to cause disease in humans, as the isolates we examined were 
capable of adhering to and invading cells of human intestinal origin. We 
have demonstrated that efficiency of adherence and entry of P. shigelloides 
isolates into Caco-2 cells appears dependent upon the growth phase of 
P. shigel/oides. This may be due to the increased expression of particular 
virulence factors, including filamentous appendages. Our results will aid 
future biochemical and genetic analysis of P. shigel/oides adherence and 
invasion factor(s). 
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Plesiomonas shigelloides has been associated with bacterial gastroenteritis 
and a number of extra-intestinal infections, in both humans and animals, and 
isolation of this organism from clinical cases suggests that this species is a 
causative agent of gastroenteritis and extra-intestinal disease in humans 
(Brenden et a/., 1988). However, the role of P. shigel/oides in such diseases 
remains unproven. Major obstacles in defining the role of P. shigelloides in 
human infections include the absence of a suitable animal model, inability to 
detect traditional enteropathogenic mechanisms and deficiencies in 
diagnostic procedures. To address some of the deficiencies in our 
understanding of the pathogenic mechanisms of P. shigelloides, a thorough 
ultrastructural examination of the interaction between P. shigel/oides and 
eukaryotic cells in vitro was conducted. 
This study was successful in optimising an in vitro model system that may 
best represent the events that occur during a P. shigelloides infection. The 
use of a human colonic epithelial cell line (Caco-2) presented results that 
were more representative of the infection process in vivo than those results 
reported previously in studies where cells of non-enteric origin were used 
(Abbott eta/., 1991; Olsvik eta/., 1990; Herrington eta/., 1987; Binns eta/., 
1984; Sanyal eta/., 1980). In optimising the in vitro model used in this study, 
a number of important parameters were kept constant. In particular, Caco-2 
cells always were used at passage 26 from cryoprotected stock, and at 7 
days postconfluence and bacterial cells were used at the same passage for 
each assay conducted. In addition, the use of a range of microscopy 
techniques provided a broader perspective of ultrastructural events occurring 
during P. shigelloides interaction with human intestinal cells than has been 
attempted in previous studies. 
Bacterial attachment to a target site is a necessary prerequisite in an 
infection and/ or disease manifestation (Ofek and Beachey, 1980), since the 
organism must anchor itself to prevent removal by the peristaltic motion 
within the intestinal environment. In this study, the ability of P. shigel/oides to 
adhere to intestinal cells was demonstrated, and a number of mechanisms 
involved in this process identified. An apparent involvement of flagella in 
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early stages of P. shigelloides adherence to human intestinal cells in vitro 
suggests that flagella may mediate a loose and perhaps adventitious 
adherence to the microvilli or the plasma membrane (or both) of the apical 
epithelial surface. This may be followed by the development of more specific 
adherence mechanisms, such as the fimbriae noted in this study. However, 
it was of interest that a non-flagellated isolate (environmental isolate 
PS05D21-01) adhered equally as well to Caco-2 cells as did flagellated 
isolates (Chapter 7), indicating that a primary adherence role for flagella is 
not universal. 
The presence of a glycocalyx on P. shigelloides isolates was described by 
Brenden eta/. (1988) as a mechanism for P. shigelloides adherence. In the 
study described in this dissertation, however, the presence of a glycocalyx 
was not detected on any of the isolates of P. shigel/oides examined. If 
P. shigelloides does possess a glycocalyx, this would have been in one or 
more of the various electron microscopy preparative methods used in this 
study. It is, therefore, suggested that P. shigelloides does not possess a 
glycocalyx. 
A key physiological feature of the gastrointestinal tract that is not present in in 
vitro model systems is the mucus lining. A bacterium must penetrate the 
mucus lining before accessing the host epithelial surface in vivo. Flagella 
have been cited as mediating penetration of mucus before epithelial 
adherence for many enteropathogens such as Escherichia coli and Vibrio 
cho/erae (La Ragione eta/., 2000; Smyth, 1988). For future studies, use of a 
mucus-secreting cell line, such as HT2916E, to examine the adherence 
patterns given by flagellated and non-flagellated P. shigelloides isolates 
would further define the role of flagella in P. shigelloides adherence. 
Fimbrial adhesins have been identified as essential for the colonisation of the 
intestine by many enteropathogens related to P. shigelloides, including 
Aeromonas spp., Vibrio cholerae, and virotypes of E. coli (Strom and Lory, 
1993). In this study, filamentous appendages closely resembling the type IV 
pili of Aeromonas spp. (Kirov et a/., 1999) were observed. Given the 
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phenetic similarities between the species Plesiomonas and Aeromonas, and 
the morphological similarity of the filamentous appendages observed, it is 
possible that these structures of P. shigel/oides are type IV pili. Studies are 
required to characterise these appendages further, to determine whether 
indeed these filaments share functional and molecular homology with the 
type IV pili of Aeromonas, or of other enteropathogenic bacteria. 
The expression of P. shigelloides appendages was noted only when the 
bacterium was in the presence of host cells, unlike type IV pili of Aeromonas 
which are best expressed under psychotrophic conditions (Kirov eta/., 1993), 
It is not uncommon for bacterial virulence factors to be induced or repressed 
in response to environmental cues (Gottesman, 1984). This phenomenon is 
clearly demonstrated by the transient appearance of filamentous appendages 
of Salmonella enterica serovar Typhimurium during bacterial entry into 
nonphagocytic host cells, where their expression is induced through contact 
with the host cell (Ginocchio et a/., 1994). For S. Typhimurium, the 
expression of filaments has been shown to exhibit tissue trophism towards 
colonic epithelial (Caco-2) cells compared with Madin-Darby canine kidney 
(MOCK) cells (Reed et a/., 1998), suggesting that some morphological or 
physiochemical feature of the intestinal epithelium triggers their expression. 
However, the precise host cell environmental cue that induces the expression 
of these filamentous appendages on S. Typhimurium has not been identified, 
and it remains undefined for P. shigel/oides. 
The section of this study investigating the ability of P. shigel/oides to enter 
cultured human intestinal cells produced compelling evidence in support of a 
role for P. shigelloides in human infections. This study gave evidence of 
isolates of P. shigelloides, obtained from clinical samples, entering human 
intestinal cells via mechanisms morphologically comparable to a number of 
other well-established pathogens (Sansonetti, 1993). It is interesting that 
these cultured intestinal epithelial cells are non-phagocytic cells, and would 
not normally take up particles the size of bacteria. The observations of 
bacteria entering these host cells through a process morphologically 
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resembling phagocytosis suggests that P. shigelloides is able to harness pre-
existing host cell machinery to facilitate its uptake. For many intracellular 
pathogens, bacterial entry into host cells results from interactions or cross-
talk between bacteria and epithelial cells, and involves bacterial induction of 
eukaryotic signalling pathways (Sansonetti, 1993). This finding now 
presages a new area of investigation of the signalling mechanisms involved 
in P. shigelloides entry and of the factors that enable P. shigelloides to 
manipulate normal host cell processes. 
Determining the involvement of cytoskeletal filaments during P. shigelloides 
uptake is a logical continuation of the present work. Examining the 
distribution of cytoskeletal filaments (microfilaments and microtubules) during 
P. shigel/oides uptake, and determining the effect of inhibitors of cytoskeletal 
organisation, would be keys to elucidating the role of such structures in 
uptake mechanisms. Preliminary investigations into the role of cytoskeletal 
filaments were conducted in this study (data not presented). The distribution 
of host cell actin and tubulin were monitored in P. shigel/oides-infected Caco-
2 cells using confocal laser scanning microscopy. However, no dramatic 
rearrangement in the distribution of these filaments was observed. There 
were no observations of the characteristic attaching/effacing (A/E) lesions 
seen in E. coli infections. In addition, there were no major actin 
accumulations or tubulin rearrangements seen in TEM sections. It is 
believed that perhaps the reorganisation of actin and/or tubulin is localised 
and occurs rapidly, and therefore the assay developed may not have been 
optimised to elucidate these alterations. 
In addition, future research should concentrate on the signalling mechanisms 
involved in P. shigelloides infections that potentially allow P. shigelloides to 
control host cell processes. A good starting point would be to determine 
whether a type Ill secretion system is present in P. shigel/oides. This system 
is widely distributed amongst Gram negative enteropathogens, and has been 
shown to have a crucial role in the development of an infection process 
(Galan and Collmer, 1999; Mecsas and Strauss, 1996). The functions of 
type Ill secretion systems are quite diverse, ranging from producing proteins 
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which facilitate uptake of pathogens into non-phagocytic cells (Cornelis, 
2000) to providing receptors that mediate bacterial adhesion to the host 
(Kenny et a/., 1997). Examining the molecular determinants of 
P. shigel/oides pathogenesis is important because, as we examine the 
mechanisms of bacterial disease, we find that despite infections and 
diseases appearing clinically similar, the mechanisms used to accomplish 
these effects are quite diverse (Biiska eta/., 1993). Resolution of this issue 
will help in the development of new therapies and potential vaccines not only 
for P. shigelloides, but also for many other enteropathogens. 
Evidence of bacterial cells free (devoid of a surrounding vacuolar membrane) 
in the host cell cytoplasm indicates that P. shigelloides is capable of lysing 
from the initial vacuolar. This act demonstrates another key virulence 
mechanism: the ability to evade host defence mechanisms. In a host 
defence response, a foreign particle encased in a surrounding membrane 
would be recognised by a lysosome and be degraded by the host through 
acidification within the fused phagosome-lysosome product (Kornfield and 
Mellman, 1989). With the lack of the membrane constituent acid 
phosphatase, indicative of the phagosome-lysosome fusion event (Kornfield 
and Mellman, 1989), and the presence of bacterial cells free in the host cell 
cytoplasm the following sequential events are thought to occur: Plesiomonas 
shigel/oides initially exists within the host cell cytoplasm in a membrane 
bound vacuole and, at an undefined point in time, escapes from the vacuolar 
compartment prior to phagosome-lysosome fusion. Once in the host cell 
cytoplasm, devoid of a surrounding vacuolar membrane, P. shigel/oides is 
now invisible to the host cell defence mechanisms. P/esiomonas shigelloides 
would then have the potential to move freely about the cell, multiply and 
potentially infect neighbouring cells, consequently propagating the infection. 
It is unknown how P. shigel/oides escapes from the vacuolar compartment, 
although suggestions have been made for the use of a haemolysin. 
Phagosomal escape has been examined closely in Listeria monocytogenes, 
and Shigella flexneri (Andrews and Portnoy, 1994). Both these intracellular 
pathogens are able to escape the initial vacuolar compartment into the host 
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cell cytosol through the production of haemolysin-like proteins (Parisius eta/., 
1986; Sansonetti eta/., 1986). Plesiomonas shigelloides may use a similar 
mechanism, since a haemolysin has been described for a number of 
P. shigelloides isolates (Janda and Abbott, 1991). However, the use of the 
previously identified hemolysin for P. shigelloides intravacuolar escape is 
only speculative, and further studies are required to clarify the mechanisms 
involved. 
Throughout this study, there were numerous observations of bacteria in the 
process of division at intracellular locations within host cells. Dividing 
bacterial profiles were observed in membrane-bound vacuoles, as well as in 
the host cell cytosol in the absence of a surrounding vacuolar membrane. 
Numerous dividing bacterial profiles also were observed within the interdigital 
space between adjacent Caco-2 cells. With the techniques used in this 
study, it could not been determined whether bacteria have entered the host 
intracellular or paracellular environments in the process of division or whether 
these bacteria are capable of commencing division within the host 
environment. Despite the controversy associated with the gentamicin 
sensitivity assay, this assay may provide valid information coupled with the 
temporal information obtained in this study regarding the entry of 
P. shigel/oides into host epithelial cells; this may provide evidence to 
determine viability of P. shigelloides within intracellular environments. 
The observation of bacteria residing at extracellular locations throughout the 
Caco-2 cell monolayer was also of interest to the overall understanding of 
P. shigelloides infections (Chapter 3). A key feature of the Caco-2 cell line, 
like its in vivo counterpart, is the ability to form a polarised monolayer: one 
that has defined apical and basal surfaces and each cell is tightly joined to 
through adjacent cells through tight junctions (Rousset, 1986). The function 
of these tight junctions in vivo is to prevent foreign particles gaining access to 
deeper underlying tissues and blood supplies (Cereijido et a/., 1989). 
Interestingly, in this study, numerous P. shigel/oides isolates were able to 
gain access to the intercellular space between two adjoining host cells. It is 
believed that access to this region, an area of the host containing few host 
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defence systems, might enable P. shigelloides to eventually access host 
blood supplies and potentially be spread systemically. This mechanism may 
result in the production of extraintestinal infections of P. shigel/oides, such as 
meningitis and sepsis which are reported widely in the literature (Billiet eta/., 
1989; Brenden eta/., 1988). The impermeability of epithelial monolayers is 
reflected by electrical resistance across the monolayer, which gives a 
measure of the integrity of tight junctions and paracellular permeability (Bras 
and Ketley, 1999; Jepson eta/., 1995; Finlay and Falkow, 1990). Measuring 
the transepithelial resistance across a Caco-2 cell monolayer would be a 
useful technique to determine whether P. shigelloides access the intercellular 
regions through tight junctions of a cell monolayer. 
Over the duration of P. shigel/oides infection of human epithelial host cells; 
Caco-2, Hela and HEp-2 cells were examined in this study, a number of host 
cells showed ultrastructural changes indicative of cellular degeneration and 
death. In contrast, uninfected host (Caco-2, Hela, and HEp-2) cells 
remained intact at this time and their morphology did not change over the 12-
h assay period. Less than 2% of necrosis was observed in all uninfected cell 
lines over this period. 
Based on the observations of P. shigel/oides with human intestinal cells, 
interactions of P. shigel/oides with human cells derived from other anatomical 
sites (HEp-2 and Hela cells) were investigated and discussed in Chapter 4. 
With the use of transmission electron microscopy, in this study, the 
longstanding controversies regarding whether P. shigelloides could enter 
these cell lines were resolved. The assay developed in this study eliminated 
the need of antibiotics, the use of which still remains controversial, given that 
these antibiotics may penetrate the host cell and eliminate or decrease the 
viability of the intracellular bacteria (Maurin and Raoult, 2001). In addition, 
the assay established in this study extended the length of time 
postinoculation that the bacteria were in contact with the host cell monolayer, 
therefore allowing the visualisation of the complete infection cycle. 
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The length of time taken for P. shigel/oides to reach intracellular locations in 
Caco-2 cells may be the result of two aspects. The observation of 
intracellular bacteria from 4 hours postinoculation may in part be a reflection 
of the methodology involved in the examination process. The use of electron 
microscopy enabled maximum resolution and precision when studying the 
interactions between P. shigel/oides and intestinal host cells. However, 
electron microscopy may be less sensitive in resolving the presence of 
intracellular bacteria than the sensitivity assay which is more commonly used 
to establish infection kinetics. Gentamicin sensitivity assays incorporate 
inhibitory concentrations of gentamicin, an antibiotic thought unable to 
permeate cell membranes, to kill extracellular bacteria: viable intracellular 
bacteria are examined by light microscopy or recovered by lysing host cell 
monolayers. In these procedures, the entire monolayer can be examined 
and varying concentrations of intracellular bacteria can be detected. In 
contrast, transmission electron microscopy allows for the visualisation of only 
a portion of the total sample, and therefore low levels of intracellular bacteria 
may not be detected. For the purposes of this study, the rate of infection was 
not a priority, as the study focused on the temporal events occurring. 
Another aspect that may have contributed to a longer time for invasion than 
seen with other enteropathogens was the concentration of the inoculum 
used. It is generally accepted that heavily infected cells often lyse due to 
excessive stress imposed by high numbers of bacteria in the cell culture 
system (Francis and Thomas, 1996). Therefore, in comparison to other 
studies investigating the invasive capabilities of enteropathogens (Francis 
and Thomas, 1996; Wells et a/., 1996; Finlay and Falkow, 1990), a smaller 
inoculum size was used in this study. This aimed to ensure that a complete 
set of events was identified for adherence and subsequent internalisation of 
P. shigelloides before widespread morphological changes, indicative of host 
cell death, occurred in the host cell monolayer. With the establishment that 
P. shigel/oides can enter host cells, further studies now are required to 
determine the effect that multiplicity of infection has on the efficiency of 
P. shigelloides to enter host cells in vitro, to provide a more reliable cell 
culture model to study infection by P. shigelloides. 
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The variability in the results obtained in previous studies using human 
epithelial cell lines (Hela and HEp-2 cells) (Abbott eta/., 1991; Olsvik eta/., 
1990; Herrington eta/., 1987; Binns eta/., 1984; Sanyal eta/., 1980) also 
may be explained by the fact that different P. shigelloides isolates were used 
in each study. In this study, the type strain was used and this will provide a 
reference strain for future studies. However, it became quite apparent in the 
course of this study that the type strain was not representative of all 
P. shigel/oides isolates examined here. In fact, differences, both 
morphological and temporal, in the way P. shigelloides interacted with host 
cells were observed. Differences in adherence patterns and ability to survive 
the intracellular environment may have implications for our understanding of 
the varied disease progressions associated with P. shigel/oides. Studies 
combining the knowledge obtained from this study with molecular typing 
assays may result in the single species P. shigelloides being divided 
according to virotypes, as seen with E. coli (Nataro and Kaper, 1998). 
Bacillary gastroenteritis by P. shigel/oides is a public health problem in 
developing countries (Brenden eta/., 1998; Miller and Koburger, 1985). It is 
proposed that P/esiomonas-contaminated food and drinking water are often 
the source of infection spread (Abbey eta/., 1993; Miller and Koburger, 1985; 
Arai et a/., 1980). However, the possible presence of the pathogen and 
transmission of it through environmental waters have not been adequately 
examined. In this study, two environmental water isolates of P. shigelloides 
were analysed for the ability to interact with intestinal host cells in vitro. It 
was shown that environmental P. shigelloides isolates are able to adhere to 
and enter cultured human intestinal cells in a way similar to their clinical 
counterparts, emphasising the importance of further investigation into the 
epidemiological implications. 
In this study, a number of controls were put in place to ensure 
reliability/reproducibility and validity of the results obtained. For each assay, 
a number of control organisms were examined in conjunction with the 
P. shigel/oides isolates investigated. These control bacteria included 
L. monocytogenes, S. flexneri, E. coli and Staphylococcus epidermidis, all of 
CHAPTER 8 Discussion 230 
which have been studied extensively by previous researchers. The results 
from these bacteria were as previously reported (Gaillard et a/., 1987, 
Sansonetti, 1993, Polotsky et a/., 1994, Wells et a/., 1996) for all assays 
conducted in this study. Listeria monocytogenes and S. flexneri were the 
bacterial strains most readily located intracellularly, whilst E. coli and 
S. epidermidis were the most difficult to locate despite exhaustive efforts. 
Bacterial cells were observed in the TEM sections, however, they were not 
observed in association with any host cells. As noted in previous studies 
(Gaillard et a/., 1987, Sansonetti, 1993, Polotsky et a/., 1994, Wells et a/., 
1996), L. monocytogenes and S. flexneri were observed internalised within 
membrane-bound vacuoles, typically containing a single bacterial cells within 
an individual vacuole. The vacuole containing these bacterial strains did not 
contain any acid phosphatase activity in assays conducted in this study. In 
addition, L monocytogenes and S. f/exneri also were seen in the host cell 
cytoplasm in the absence of a surrounding vacuolar membrane. 
Combinations of 12 isolates of P. shige/loides isolates were used throughout 
this study. These isolates were obtained from clinical cases where 
P. shigelloides was isolated from patient stools, and in one case gall bladder. 
No patient histories were available for these samples. Investigations in 
P. shigel/oides virulence factors of P. shigelloides in future studies should 
aim to examine P. shigelloides isolates where relevant patient history is 
available so that results obtained can be correlated to disease presentations. 
The results presented in this dissertation present an overview of the cellular 
interactions of P. shige/loides (see Figure 1). It is proposed that 
P. shigelloides uses flagella to provide the initial non-specific attachment to 
the host surface, whereby the flagella act like a lasso, entangling around 
microvilli at the apical surface of human intestinal cells. This process would 
enable to anchor the bacterium to the host surface, preventing the bacterium 
from being washed away, as well as allowing for more specific attachment 
mechanisms to be initiated, such as fimbriae-mediated attachment. Once 
close intimate attachment is achieved, it is proposed that some cross-talk 
between P. shigelloides and host cells occurs, allowing the uptake of the 
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FIGURE 1. Schematic diagram representing the proposed pathway showing 
uptake of P/esiomonas shigelloides followed by trafficking of the internalised 
bacteria inside the host cell. 
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bacterium into the host cell through mechanisms morphologically similar to 
phagocytosis. Plesiomonas resides initially within the intracellular 
environment of the host within a phagosome, and frequently escapes this 
compartment, into the host cell cytosol before interactions with host 
lysosomes occur. Now invisible to further attack by the host defence 
mechanisms, P. shigelloides initiates host cells death in the infected host cell, 
and may be released into the extracellular environment to initiate another 
round of infection in other intact host cells. Some bacteria occasionally do 
not escape the initial vacuolar compartment rapidly enough, and get caught 
by the host defence mechanism (lysosomes). These bacteria are removed 
from the host cell through normal host defence processes. 
In summary, various isolates of P. shigelloides were shown to adhere to and 
enter human epithelial cells lines. The evidence obtained demonstrates that 
i) different isolates of P. shigelloides express different morphological forms 
which appear to have implications in the adhesion and entry processes 
involved in P. shigel/oides infections, ii) different isolates of P. shigel/oides 
show differences in their level of adherence and entry (some of these 
differences are statistically significant), indicating that uptake is determined at 
least partly by bacterial factors, iii) Caco-2 cells internalise P. shigelloides to 
a greater extent than do He La or H Ep-2 cells indicating that uptake is partly 
dependant on host cell determinants, iv) engulfment of P. shigel/oides in non-
phagocytic cells occurs via a process morphologically comparable to that of 
phagocytosis, although P. shigelloides is capable of avoiding host cell 
defence mechanisms from vacuolar compartments. These results 
collectively indicate that P. shigelloides entry results from an intricate 
interplay between the pathogen and the host cells. 
The progress described in this thesis results from a number of electron 
microscopy approaches, producing information of the biology of 
P. shigelloides and how this bacterium interacts with human epithelial cells in 
vitro. It is clear that this study represents an important contribution to our 
understanding of P. shigelloides pathogenesis, but much remains unknown 
about the detailed mechanisms involved in producing an illness. 
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Determination of the molecular events involved during P. shigel/oides 
infection would add a new level of complexity to our understanding of the 
pathogenesis of P. shigelloides pathogenesis. However, it should not be 
forgotten that in vitro studies are an artificial approach and future studies 
need to consider P. shigelloides diseases in the context of their complex 
mammalian host. 
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